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FOREWORD 

The  research  described  herein, which was  conducted by the  Northern 
Research and  Engineering  Corporation,  was  performed  under NASA Contract 
NAS 3-12419. The  work  was  done  under  the technical management of 
Mr. Arthur J. Glassman,  Fluid  System  Components  Division, NASA-Lewis 
Research  Center.  The  report  was  originally  issued as Northern  Research 
and  Engineering  Corporation  Report 1147-1, July 11,  1969. 
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ANALYS I S OF GEOMETRY AND DES IGN-PO I NT PERFORMANCE 
OF  AXIAL-FLOW TURBINES USING  SPECIFIED 

MERIDIONAL  VELOCITY  GRADIENTS 

by A. F. Carter  and F. K .  Lenherr 

Northern  Research  and  Engineering  Corporation 

SUMMARY 

A computer  program for the  design-point  analysis of axial  tur- 
bines  using a modified  stream-filament  approach  has  previously  been  pre- 

pared  for  NASA-LeRC  and is documented in program  contractor  reports NASA 
CR-1181  and NASA CR-1187.  However,  with  use it  has  been  clear  that, for 
some  design  requirements,  the  resultant  solution  of  the  design  station 
flow fields  was  extremely  sensitive to two  of  the  originally  selected de- 
sign  analysis  variables.  Since  design  specifications  which  failed to 

yield a solution or produced a mechanically  unacceptable  solution  could 
be  characterized by  large  radial  gradients  of  through-flow  velocity  at a 
design station, it was  logical to assume that  the  use  of  through-flow  ve- 

locity  gradients as design  analysis  variables  would lead to a more  useful 
computer  program. 

The report  presents  the  modification of the  analysis  necessary 
for  a solution  using  the  new  analysis  variables,  documents  the  resultant 
computer  program,  and  provides a sample  case. The new program  complements 
the  original  rather  than  replaces it in  that not all  the  originally se- 
lected  optional  specifications of  a design are made available in the  new 
program.  However,  the  program can be  used  independently of the  original 
for  designs in which  blade-element  performance is directly  specified by 
total-pressure-loss  coefficients or indirectly by the  coefficients of a 
correlation of the  total-pressure-loss  coefficient  chosen  for  fully  con- 
sistent  analyses. 



I NTRODUCT I ON 

Under Contract No. NAS3-9418 for NASA-Lewis Research Center, 
Northern Research and Engineering Corporation developed a computer pro- 

gram for the analysis of the  geometry  and design-point performance of 
axial flow turbines. During the development of the program  and its sub- 
sequent use for particular design specifications, it became clear that 
for some design requirements, the resultant solution of the design prob- 
lem was extremely sensitive to two of the analysis variables which had 

to be selected by the program user. These two analysis variables were 

the radial variation  of stator exit tangential  velocity  and  the  varia- 

tion of power output function with streamline number. Flow conditions 

at stator exit are controlled by the first of these variables; the second 
is the  major factor influencing  the solution at rotor exit. While the 

choice of these  variables for a stream-filament analysis of a turbine 

design-point requirement appeared logical  and acceptable, experience 

with the computer program has  shown  that considerable skill  and experi- 

ence are required in order to obtain satisfactory design  solutions. 

The underlying reason for the sensitivity of the stator flow 

field solution to the  tangential  velocity distribution is that  radial 

equilibrium has to be satisfied for a flow in which the  tangential  ve- 
locity is a dominant  factor. Thus, if a tangential  velocity distribution 

is specified, the  value of  local static  pressure  required to maintain 

radial equilibrium has to be obtained by changes in the  relatively 

minor component of  velocity. Hence, outside of a fairly narrow band of 

tangential  velocity distributions, it is often impossible  to obtain a 

radial equilibrium solution with  positive  axial  velocities  through  the 

flow field. 
In the case of the stage exit design plane, it has  been  found 

that  there is a similarly narrow band  of power output distributions for 
which there are satisfactory  solutions. Since the  static  pressure level 

at any point in the flow field  must be consistent with the  over-all annu- 

lus  radial equilibrium requirement, injudicious choice of streamline en- 

thalpy  drops can imply unacceptably  large variations in axial  velocity 
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l e v e l s .   T h e   d i f f i c u l t i e s   a r e ,  o f  course, compounded by  the  presence of 

s i g n i f i c a n t   g r a d i e n t s   o f   t o t a l   p r e s s u r e   w h i c h   a r e   i n t r o d u c e d   b y   t h e   r a d i a l  

v a r i a t i o n s   o f   r o t o r   l o s s e s .  

A modif ied  computer  program,  designated  Program TD2, has  been 

developed t o  overcome  these  def ic iencies i n   t h e   o r i g i n a l  program.  This 

has  been  accompl ished  by  de let ing  the  spec i f icat ion of s t a t o r   e x i t   t a n -  

g e n t i a l   v e l o c i t y   d i s t r i b u t i o n s   a n d   s t a g e  power o u t p u t   d i s t r i b u t i o n s ,   a n d  

s u b s t i t u t i n g   i n   t h e i r   p l a c e   o p t i o n s   t o   s p e c i f y   i m p l i c i t l y   d i s t r i b u t i o n s  

o f   m e r i d i o n a l   v e l o c i t y   a t   s t a t o r a n d / o r   r o t o r   e x i t s .   I n   t h i s  manner, 

t h e   v a r i a b l e   w h i c h  has i n   t h e   p a s t   e x h i b i t e d   t h e   g r e a t e s t   v a r i a t i o n  may 

be l i m i t e d   b y   t h e   t u r b i n e   d e s i g n e r   i n   a d v a n c e   t o  a reasonable  range  o f  

Ja lues .   Thus ,   t he   compu ta t i on   o f   des igns   f o r   wh ich   t he re   i s   no   accep t -  

a b l e   s o l u t i o n   i n   t e r m s   o f   b l a d i n g   a n g l e s  has  been l a r g e l y   e l i m i n a t e d .  

The analysis  procedure  employed by Program TD2 i s  v e r y   s i m i l a r  

t o   t h a t   o f   t h e   o r i g i n a l  program. All o f   t h e   u s e f u l   r e f i n e m e n t s   o f   t h e  

bas ic   s t ream- f i lament  model  have  been reta ined.   These  inc lude  t reatment  

of  cases of  i n t e r f i l a m e n t   m i x i n g ,   c o o l a n t   f l o w s ,   a n d   v a r i a t i o n s   o f  spe- 

c i f i c   h e a t   t h r o u g h   t h e   t u r b i n e .   I n   a d d i t i o n ,   t h e   o p t i o n s   o f   s p e c i f y i n g  

r a d i a l   d i s t r i b u t i o n s   o f   s t a t o r   e x i t   f l o w   a n g l e   a n d / o r   r a d i a l l y   u n i f o r m  

stage  work  output  have been p r e s e r v e d .   I n   t h i s  way t h e   u t i l i t y   o f   t h e  

new program  should be g r e a t l y   i n c r e a s e d ,  by p e r m i t t i n g   t h e   d e s i g n e r   t o  

a p p l y   i t s   s p e c i a l   c a p a b i l i t i e s   t o   o n l y   t h o s e  rows for  which  such  an  ap- 

p r o a c h   i s   i n d i c a t e d ,   w h i l e   t r e a t i n g   t h e   r e m a i n i n g  rows i n  a manner f u l l y  

compa t ib le   w i th   t he   o r i g ina l   p rog ram.  

The  oppor tun i ty   p resented   by   the   p repara t ion   o f  a  new program 

has  been  taken t o  make two  improvements i n   t he   me thod  o f  s o l u t i o n .   F i r s t l y ,  

t h e   f o u r  unknowns, ?* , I ,  , va, and Vm a r e  now o b t a i n e d   b y   i n t e g r a t i o n   o f  

t h e   f o u r   d e r i v a t i v e s   o b t a i n e d   f r o m   t h e   s i m u l t a n e o u s   s o l u t i o n   o f   t h e   f o u r  

d i f f e r e n t i a l   e q u a t i o n s .   S e c o n d l y ,   l o s s   c o e f f i c i e n t s   f o r   i n d i v i d u a l   s t r e a m -  

l i n e s   a r e  now de te rm ined   i t e ra t i ve l y ;   t he   reasons   f o r   c la im ing   t hese  changes 

as   improvements   a re   as   fo l lows.   In   the   o r ig ina l   p rogram  desp i te   the   fac t  

t h a t   v a l u e s   o f  d\/m'/& , ypo dfyb4, and dvu/& were  obtained  f rom  the 

s o l u t i o n  of  the   s imu l taneous  equat ions ,   on ly   the   mer id iona l   ve loc i ty  

g r a d i e n t  was i n t e g r a t e d  to  o b t a i n   a n   a d j a c e n t   s t r e a m l i n e   v a l u e   w h i l e   t h e  

- 
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v a l u e   o f   t o t a l   p r e s s u r e   a t   t h a t   s t r e a m l i n e  was ob ta ined   f rom  the   ca l cu -  

l a t e d   v a l u e   o f   e x i t  dynamic  head  and a l o c a l  loss c o e f f i c i e n t .   A l t h o u g h  

t h i s   p r o c e d u r e   i s   a n a l y t i c a l l y   j u s t i f i e d ,   s m a l l   i n a c c u r a c i e s   i n   t h e  fo r -  

ward   s tep   p rocedure   ( in t roduced  by   the   assumpt ion   tha t   the   der iva t ive  

d Y!&.could be  expressed  as  an  analy t ica l   funct ion)   occas ional ly   produced 

l o c a l   v a l u e s   o f   s t a t i c   p r e s s u r e   n o t   c o n s i s t e n t  w i t h  t h e   r a d i a l   e q u i l i b r i u m  

requirement. By s i m u l t a n e o u s l y   i n t e g r a t i n g  a1 1 t h e   p r i n c i p a l  unknowns, 

the   occas iona l   incons is tency  has  been e l im ina ted .  The  change  from a d i -  

r e c t   s o l u t i o n   o f   t h e   l o s s   c o e f f i c i e n t   t o  an i t e r a t i v e   s o l u t i o n   i s   j u d g e d  

t o  be  an  improvement p r i m a r i l y  because i n   t h e   r e s u l t a n t   p r o g r a m   s t r u c t u r e  

t h e   l o s s   c o e f f i c i e n t   c o r r e l a t i o n   a p p e a r s   i n  i t s  e x p l i c i t   f o r m   i n  a sub- 

r o u t i n e   r a t h e r   t h a n   i m p l i c i t l y   i n   v a r i o u s   c o e f f i c i e n t s  of t h e   d i f f e r e n t i a l  

equat ions.   Thus,  the new program will not   requ i re   any   ma jor  change i n   t h e  

even t   t ha t  some o t h e r   l o s s   c o r r e l a t i o n   i s   s u b s e q u e n t l y  shown t o  be  more 

rea1 is t i . c   than  the  one cu r ren t l y   p roposed .  

Report  Arrangement 

The  repor t   can   be   cons idered  as   hav ing   two  par ts .   The  f i r s t   o f  

these  presents   the  bas ic   analys is   used  in   the  computer   program  and a func-  

t i o n a l   d e s c r i p t i o n   o f   t h e   p r o g r a m   s u i t a b l e   f o r   p e r s o n n e l  who use  the 

program  as a design  tool.   The  main  body of t h e   r e p o r t   p r e s e n t s   i n   t u r n  

a rev iew of t h e   o r i g i n a l   a n a l y s i s   w h i c h   i s   r e t a i n e d   i n   t h e  new program, 

t h e   r e v i s i o n   o f   t h e   a n a l y s i s   f o r   f l o w   f i e l d   s o l u t i o n s   u s i n g   t h e  new de- 

s i g n   a n a l y s i s   v a r i a b l e s ,  a desc r ip t i on   o f   t he   p rog ram  i npu t ,   no rma l   ou t -  

p u t ,   e r r o r  messages, misce l laneous  opera t iona l   in fo rmat ion ,  a sample  case, 

and  conclusions.  Appendix I contains  the  input  data  sheets  and  computer 

p r i n t o u t   f o r   t h e  sample  case. 

The  second p a r t   o f   t h e   r e p o r t   i s   c o n c e r n e d  w i t h  t h e  more  de- 

t a i l e d   d e s c r i p t i o n   o f   t h e  computer  program.  Appendix l l  and  Appendix I l l  

present   the   over -a l l   p rogram  log ic   and  the   ca lcu la t ion   p rocedures .  Ap- 

pendix  I V  l i s t s   t h e  C!ifMM$N For t ran  nomenclature.  The remaining  appen- 

d ices  cons ider   the  main  rout ine  and  then  each  o f   the  subrout ines  as  in-  

d iv idua l   par ts   o f   the   comple te   p rogram.  
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Capab.iiitLes  and Limitations . . ~  of the Program 
The basic assumptions used in the  development of the analysis 

method are: 
1. 

2. 

3 .  

4. 

The flow is inviscid  and axisymmetric at each  of  the  design 

stations. 
The effect on radial  equi 
nal velocity in the  merid 
tions is negligible. 

1 ibrium 
ional d 

of any variation of meridio- 
irection at the  design sta- 

The value of specific heat at constant pressure is radially 
constant at all design stations. 
The meridional components of streamline slope and curvature 
vary 1 inearly with radius  between  values establ  ished at the 
annulus walls, when slopes and curvatures are internally 
computed, or are directly  specified as a function of radius 
by i nput data. 

The program  will compute the  standard  turbine  design  parameters 
at a preselected  number  of  streamlines. These parameters will  be con- 
sistent with the  specified  design  requirements  and analysis variables, 
the  requirement  of radial equilibrium, and  the definition of row  total- 

pressure-loss coefficients used in the  analysis. For multispool applica- 
tions, spool designs can be computed consecutively; for single spool de- 
signs, any  number of sets of analysis variables can be considered for 
alternative design  analyses. 

The row performance is defined by either  directly  specified  Val- 
ues  of  local total-pressure-loss coefficients or by coefficients defining 
a correlation which is  used for internally  computed consistent values  of 
total-pressure-loss. The optional specifications of row or stage per- 
formance using kinetic-energy-loss coefficients or efficiencies  provided 
in the  original  program  have  been  omitted from the  new  program. 

The use of the specification of meridional  velocity  gradients 
will significantly reduce  the  number of cases for which there is no valid 

solution of  the design problem for the selected analysis variables. How- 
ever, when this  optional specification is  not  used  and consistent row 
total-pressure-loss coefficients are computed  using  the internal correlation, 
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large gradients of  meridional  velocity  may  be  generated in the attempt to 
obtain a solution of the design problem. When the specifications imply 

large gradients of meridional velocity, the possibility  exists  that  the 

program will  fail to converge to a valid  solution. Experience with the 

original  version of the  program  has  shown  that when a convergence problem 

occurs, there is  in fact no solution having positive values o f  meridional 

velocity  throughout  the flow field. 
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I 

THE B A S I S  FOR  THE R E V I S E D  ANALYSIS 

I n t r o d u c t i o n  

The  over -a l l   approach  to   the   des ign   p rob lem w i t h  t h e   a l t e r n a -  

t i v e   s p e c i f i c a t i o n  of  the   des ign   ana lys is   var iab les   remains   tha t   used 

for   the  or ig ina l   computer   program,  Program TD. That   i s ,   the   s t ream-  

f i lament   des ign   p rocedure   p resented   in   Reference 1 forms  the  basis for 

the  modif ied  computer  program  (designated TD2). I n   t h i s   s e c t i o n  of t h e  

r e p o r t ,   t h e   o r i g i n a l   a n a l y s i s   p r o c e d u r e   i s   b r i e f l y   r e v i e w e d .  The p r i n c i -  

p a l   o b j e c t i v e   i s   t o   p r e s e n t   t h e   b a s i c   e q u a t i o n s   w h i c h   a r e  common t o  b o t h  

t h e   o r i g i n a l   a n d   r e v i s e d   a n a l y s i s .  

The  Stream-Filament  Design  Approach t o   T u r b i n e   D e s i g n  

The s t r e a m - f i l a m e n t   a p p r o a c h   t o   t u r b i n e   d e s i g n   i s   e s s e n t i a l l y  

a s i m p l i f i c a t i o n   o f   t h e   s t r e a m l i n e   c u r v a t u r e   m e t h o d   o f   s o l u t i o n   o f  a t ime-  

s teady   ax i symmet r i c   f l ow   i n   an   a rb i t ra ry   duc t   o r   annu lus .  The s t reaml ine  

curvature  method  which  has  been  appl ied t o   a x i a l  a n d   c e n t r i f u g a l   c m p r e s -  

sors  fo r  b o t h   d e s i g n   a n d   o f f - d e s i g n   a n a l y s i s   u s u a l l y   i n v o l v e s   i t e r a t i v e  

s o l u t i o n s   o f   t h e   m e r i d i o n a l  components o f   s t reaml ine   s lope   and   cu rva tu re ,  

t h e s e   b e i n g   s t r e a m l i n e   q u a n t i t i e s   w h i c h   o c c u r   i n   t h e   r a d i a l   e q u i l i b r i u m  

equat ion .   In   Reference 1 ,  i t  i s  a rgued  tha t   these  quant i t ies   cannot  be 

r e a l i s t i c a l l y   e v a l u a t e d   a t  a p a r t i c u l a r   d e s i g n   s t a t i o n   u s i n g  computed 

s t reaml ine   pos i t i ons   a t   ad jacen t   des ign   s ta t i ons   wh ich   a re   ups t ream  o r  

downstream o f   b l a d e  rows a d j o i n i n g   t h e   d e s i g n   s t a t i o n .  Hence, t h e  annu- 

l u s   g e o m e t r y   i s   u s e d   t o   d e f i n e   m e r i d i o n a l  components o f   s t reaml ine   s lope  

a n d   c u r v a t u r e .   I n   p a r t i c u l a r ,   b o t h   t h e s e   q u a n t i t i e s   a r e  assumed t o   v a r y  

l inear ly   ac ross   the   annu lus   be tween  annu lus   wa l l   va lues   wh ich   a re   a lso  

assumed t o  be the   boundary   s t reaml ines   o f   the   f low.  As a consequence of 

t h i s  approach, i t  i s   p o s s i b l e   t o   c o m p l e t e   t h e   d e s i g n   a n a l y s i s   s t a t i o n - b y -  

s t a t i o n   f r o m   t u r b i n e   i n l e t   t o   f i n a l   e x i t   w i t h o u t  a n y   m a j o r   i t e r a t i o n   o f  

s t r e a m l i n e   l o c a t i o n s   i n v o l v i n g  more than  one  des iqn  s ta t ion.  

The  second s i m p l i f i c a t i o n   o f   t h e   s t r e a m - f i l a m e n t   a p p r o a c h   i s   t o  

assume t h a t   t h e   e f f e c t   o f   t h e   d e r i v a t i v e   o f   m e r i d i o n a l   v e l o c i t y   w i t h   r e -  

spec t  t o  the   mer id iona l  f low d i r e c t i o n   o n   t h e   r a d i a l   e q u i l i b r i u m   c o n d i t i o n  
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i s   n e g l i g i b l y   s m a l l  i n  t h e   i n t e r r o w  gap w h e r e   t h e   s o l u t i o n   o f   t h e   f l o w  

f i e l d   i s   t o  be  obtained. Hence, the  assumed r a d i a l   e q u i l i b r i u m   e q u a t i o n  

fo r   t he   s t ream- f i l amen t   app roach   i s  as f o l l o w s :  

where the   s t reaml ine   s lope   ang le ,  A , and  the   mer id iona l  component  of 

s t reaml ine   cu rva tu re ,  I/fm , can  be  regarded  as known o r   r e a d i l y   c a l c u -  

l a t e d   q u a n t i t i e s .  

I n   t h e   o r i g i n a l   a n a l y s i s ,   t h e   t o t a l   p r e s s u r e   a n d   t h e   t a n g e n t i a l  

and  meridional   components  of   veloci ty  were  considered  as  the  three  basic 

a n a l y s i s   v a r i a b l e s   w i t h   t h e   t o t a l   t e m p e r a t u r e   c o n s i d e r e d  as  a s p e c i f i e d  

or  r e a d i l y   c a l c u l a t e d   s t r e a m l i n e   f l o w   p a r a m e t e r   w h i c h   w o u l d   s a t i s f y   t h e  

design power output  requirement.  Hence, because   t he   rad ia l   equ i l i b r i um 

equat ion  which has t o  be s a t i s f i e d   a t  each   des ign   s ta t i on   i s  a d i f f e r e n -  

t i a l   e q u a t i o n  and the re   a re   t h ree  unknowns,  two a d d i t i o n a l   d i f f e r e n t i a l  

equat ions   were   ob ta ined  f rom  the   de f in i t ion   o f   s t reaml ine   e lement   b lade 

row t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  and t h e   e q u a t i o n   r e l a t i n g   t h e   v e -  

l o c i t y  components.  These t h r e e   d i f f e r e n t i a l   e q u a t i o n s ,   t o g e t h e r   w i t h   t h e  

mass f l ow  c o n t i n u i t y   e q u a t i o n ,   t h e n   p e r m i t   t h e   s o l u t i o n   o f   t h e   t h r e e   u n -  

knowns f o r   t h e   s p e c i f i e d  mass f l o w   a t   t h e   d e s i g n   s t a t i o n .  

The fou r   bas i c   equa t ions   o f   t he   ana lys i s  were t h e r e f o r e   t h e  

r a d i a l   e q u i l i b r i u m   e q u a t i o n   ( E q u a t i o n  1 )  and   t he   f o l l ow ing :  
i J 

and 
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c a t i o n s   s t a r t i n g   a t   t h e   c e n t r a l   s t r e a m l i n e   u s i n g   i n i t i a l   , v a l u e s  of t h e  

c o e f f i c i e n t s   d e t e r m i n e d   i t e r a t i v e l y   i n   t h e   s o l u t i o n  of  t h e   o v e r - a l l  mass 

f l o w   c o n t i n u i t y  a n d   t h e   l o c a t i o n   o f   s t r e a m l i n e s   w h i c h   w o u l d   s a t i s f y   t h e  

i n d i v i d u a l   f i l a m e n t  mass f l o w   c o n t i n u i t y .  To s i m p l i f y   t h e   s o l u t i o n ,   t h e  

b a s i c   d i f f e r e n t i a l   e q u a t i o n s   a r e   s o l v e d   i n   t h e  same manner, i r r e s p e c t i v e  

o f   t h e   d e s i g n   s t a t i o n   b e i n g   c o n s i d e r e d   o r   t h e   t y p e  of s p e c i f i c a t i o n ;   t h e  

t w e l v e   c o e f f i c i e n t s   a r e   e v a l u a t e d   f o r   t h e   p a r t i c u l a r   r e q u i r e m e n t .  

Mod i f i ca t i ons   t o   t he   S t ream-F i l amen t   Approach  

The s t r e a m - f i l a m e n t   a p p r o a c h   t o   t u r b i n e   d e s i g n   e s s e n t i a l l y  

t r e a t s   t h e   t o t a l   f l o w   a s  a number of   s t ream  f i laments  which  can be iden-  

t i f i e d   a t  each  des ign   s ta t ion .  The f l o w   i n  any g i ven   f i l amen t ,   de f i ned  

by ad jacen t   s t reaml ines ,   i s  assumed t o  remain i n   t h a t   f i l a m e n t   t h r o u g h o u t  

the   t u rb ine .  Thus, the  method  can  be  considered to  b e   d e f i c i e n t   i n  two 

r e s p e c t s .   F i r s t l y ,  i t  i g n o r e s   i n t e r f i l a m e n t   m i x i n g   w h i c h   c a n   o c c u r   i n  

t h e   c o m p l e x   f l o w   f i e l d   w i t h i n   b l a d e  rows.   Secondly ,   the  addi t ion  o f   cool -  

a n t   f l o w s   t o   t h e   m a i n s t r e a m   i n   t h e   c a s e   o f   c o o l e d   t u r b i n e s   i s   n e g l e c t e d .  

P r e c i s e l y  how these  two  factors   should  be  in t roduced  in   the  s t ream- 

f i l a m e n t   a n a l y s i s   i n v o l v i n g   o n l y   t h e   i n t e r b l a d e  row  des ign   s ta t i ons   i s  

open t o   q u e s t i o n .  However,  an empir ica l   approach was adopted i n   t h e  

a n a l y s i s  o f  Reference 1 and will be r e t a i n e d   i n   t h e   r e v i s e d   a n a l y s i s .  

i n t e r f i l a m e n t   M i x i n g  

W i t h i n  a t u r b i n e   b l a d e  row,  whether i t  i s  a s t a t o r   o r  a r o t o r ,  

t h e r e   c a n   b e   s i g n i f i c a n t   s e c o n d a r y   f l o w   e f f e c t s   w h i c h   c o u l d   r e d i s t r i b u t e  

the   f l ow   be tween   the   s t ream  f i l amen ts   de f i ned   on   an   ax i symmet r i c   bas i s   a t  

i n l e t   a n d   o u t l e t   p l a n e s .  The t o t a l - p r e s s u r e  loss o f  a p reced ing   b lade 
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row e x i s t s   i n  wakes and low-momentum f lows  near   the   end  wa l ls   and  these 

r e g i o n s   o f  low-momentum f l u i d  d o   n o t   f u l l y   m i x   b e f o r e   e n t e r i n g   t h e  f o l -  

l ow ing  row,  and t h e r e f o r e   i n t e r f i l a m e n t   m i x i n g   c a n  be   expec ted   w i th in  

the  complex f low f i e l d   o f   t h e   b l a d e  row. I n  Reference 1 ,  i t was dec ided 

t o  model t h e   p r o b a b l e   m i x i n g  as a  mass f low mix ing   p rocess .   Thus ,   to ta l -  

p r e s s u r e   a n d   t o t a l - t e m p e r a t u r e   p r o f i l e s   w e r e   p e r m i t t e d   t o  change, w h i l e  

the  mass f low we igh ted   quant i t ies   remained  cons tan t .  To s i m p l i f y   t h e  

ca l cu la t i on   p rocedures ,   t he   m ix ing   p rocess  was assumed t o  occur somewhere 

b e t w e e n   t w o   d e s i g n   s t a t i o n s ,   b u t   r e v i s e d   p r o f i l e s   o f   t o t a l   t e m p e r a t u r e  

and t o t a l   p r e s s u r e   w e r e   u s e d   a s   i n l e t   v a l u e s  t o  a b lade   row   fo r   t he   pu r -  

pose o f   comput ing   b lade row  losses  and  work  output.   The  formulat ions  of  

mixed  values  ( f rom  Ref 1) a re   as   f o l l ows :  

and 

* + 
where .  Pej and TJ are   t he   m ixed   va lues   and   t he   su f f i x  j denotes a 

st reaml ine  va lue.   The  mix ing  parameter ,  g,,,,, c o u l d  be s p e c i f i e d   f o r   i n -  

d i v i d u a l   s t r e a m l i n e s ,   o r  as a c o n s t a n t   f o r   t h e   e n t i r e   f l o w , x h .   I n   t h e  

l a t t e r  case,  the  Equations 6 and 7 s i m p l i f y   t o   y i e l d  

and 

- 
where  and 1 ,  a r e  mass f l ow   we igh ted  mean v a l u e s   f o r   t h e   o r i g i n a l  

p r o f i l e .   U n f o r t u n a t e l y ,   t h e   a n a l y s i s   p r o v i d e s  a  means o f   s i m u l a t i n g  

m i x i n g   w i t h o u t   n e c e s s a r i l y   p r o v i d i n g   a n y   g u i d a n c e   i n   t h e   s e l e c t i o n  of  

t h e   v a l u e s   o f   t h e   m i x i n g   p a r a m e t e r .   N e v e r t h e l e s s ,   t h e   i n c l u s i o n   o f   t h e  

- - 
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mix ing   parameter   cou ld   p rov ide  a bas i s   f o r   f u tu re   ana lyses   where   exper i -  

men ta l   da ta   a re   ava i l ab le .  

The Add i t i on   o f   Coo lan t   F low  

For many t u r b i n e s ,   b l a d e   o r   d i s k   c o o l a n t   f l o w s  will be r e q u i r e d  

and  these will en te r   t he   ma in   t u rb ine   f l ow .   Obv ious l y ,   f o r   coo led   t u r -  

b ine   des igns   i n   wh ich   t he   coo lan t   f l ow  can  be  a s i g n i f i c a n t   p e r c e n t a g e  

o f   t h e   t o t a l   f l o w ,   t h e   e f f e c t   o f   t h e   a d d i t i o n   o f   c o o l a n t   f l o w s   s h o u l d  be 

c o n s i d e r e d   i n   t h e   d e s i g n - p o i n t   a n a l y s i s .   I n   t h e   p r e v i o u s   a n a l y s i s ,   t h e  

a d d i t i o n   o f   c o o l a n t   f l o w  was t r e a t e d  on a n   e q u a l   b a s i s   f o r   a l l   s t r e a m  

f i l amen ts .   Tha t   i s ,   no   a t tempt  was  made t o   a s s o c i a t e   t h e   c o o l a n t   f l o w  

o r i g i n a t i n g   a t  a r o t o r   t i p   o r   a t   t h e  rim o f  a d i s k   w i t h   t h e   l o c a l   s t r e a m  

f i l a m e n t   a t   t h e   o u t e r   o r   i n n e r   a n n u l u s   w a l l .   I n   e f f e c t ,  i t  was assumed 

t h a t  any c o o l a n t   f l o w   i s   f u l l y   m i x e d   t h r o u g h o u t   t h e   e n t i r e   f l o w   a t   t h e  

e x i t   o f   t h e  row i n   w h i c h   t h e   c o o l a n t  was introduced. The two  equations 

used t o   d e s c r i b e   t h e   a d d i t i o n   o f   c o o l a n t   i n   R e f e r e n c e  1 will be reta ined.  

These  are: 

and 

where n-l and   a re   su f f i ces   deno t ing   t he   ups t ream  i n le t   s ta t i on   and   t he  

e x i t   d e s i g n   s t a t i o n   o f   t h e  row i n  wh ich   t he   coo lan t   i s   i n t roduced .  The 

c o o l a n t   f l o w , L l W ,   f o r   a n y   p a r t i c u l a r  row, w h i l e   c o n s i d e r e d   t o   f u l l y   m i x  

w i t h   t h e   m a i n   f l o w   c a u s i n g  a  change o f   t empera tu re   l eve l ,  i s  n o t  assumed 

t o  produce  any  to ta l -pressure  loss due t o   m i x i n g .  I t  was assumed t h a t  any 

t o t a l - p r e s s u r e   l o s s  due t o   t h e   a d d i t i o n   o f   c o o l a n t   c o u l d  be s p e c i f i e d  as 

a f a c t o r  by   wh ich   t he   bas i c   l oss   coe f f i c i en t   i s   i nc reased .   S im i la r l y ,  i t  

was assumed tha t   spec i f i c   hea t   d i f f e rences   be tween   coo lan t   and   ma in   f l ow  
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c o u l d  be neglected  as  hav ing a n e g l i g i b l y   s m a l l   e f f e c t  on t h e   c a l c u l a t e d  

tempera tures   a f te r   m ix ing .  

Addi t ional   AssumDt ions 

T o   i m p r o v e   t h e   v a l i d i t y   o f   a n y   p a r t i c u l a r   d e s i g n   a n a l y s i s ,   t w o  

addi t ional   assumpt ions  were made i n   t h e   o r i g i n a l   a n a l y s i s  and  these will 

be re ta ined .  The f i r s t  o f   these  concerns  the  t reatment   o f   the  thermody-  

namic  process i n   w h i c h   t h e   v a r i a t i o n   o f   t e m p e r a t u r e   t h r o u g h   t h e   t u r b i n e  

i s   s u f f i c i e n t l y   l a r g e   t h a t   t h e   r a t i o   o f   s p e c i f i c   h e a t s , % ,   c a n n o t  be  con- 

s idered  as a cons tan t   f o r   t he   ove r -a l l   expans ion .  The  second assumption 

concerns   the   type   o f   cor re la t ion   o f   e lementa l  row t o t a l - p r e s s u r e - l o s s  

c o e f f i c i e n t s .  

V a r i a t i o n   o f   S p e c i f i c   H e a t  

S i n c e   t h e   r a t i o   o f   s p e c i f i c   h e a t s   a n d   t h e   v a l u e   o f   s p e c i f i c   h e a t  

a t   cons tan t   p ressure   a re   tempera ture   dependent ,  a r i go rous   ana lys i s   wou ld  

i nc lude   cons ide ra t i on   o f   bo th   t hese   quan t i t i es   as   dependen t  on t h e   l o c a l  

temperature. However, t h e   n u m e r i c a l   s o l u t i o n   o f   t h e   f l o w   f i e l d   a t  any 

s t a t i o n   i s   c o n s i d e r a b l y   s i m p l i f i e d  i f  the   va lues   o f  x and c+, are   as-  

sumed t o  be r a d i a l l y   c o n s t a n t   d e s p i t e   t h e   f a c t   t h a t  a l a r g e   s t a t i c   t e m p e r a -  

t u r e   d i f f e r e n c e   c o u l d  be obtained  between hub   and   cas ing   s t reaml ines   a t  

a s t a t o r   e x i t .   N e v e r t h e l e s s ,   i n  a mu l t i s tage   t u rb ine   t he   t empera tu re   d rop  

f r o m   i n l e t   t o   e x i t  may be s u f f i c i e n t l y   l a r g e   t h a t   s i g n i f i c a n t   e r r o r s   c o u l d  

be i n t roduced  i f  the   va lue   o f   spec i f i c   hea t   were  assumed inva r ian t   t h rough-  

ou t .  Hence, it was assumed t h a t   d e s i g n   s t a t i o n   v a l u e s   o f   s p e c i f i c   h e a t  

would be s p e c i f i e d   f o r   t u r b i n e s   i n   w h i c h   t h e   o v e r - a l l   d e c r e a s e   i n  tem- 

p e r a t u r e   w o u l d   r e s u l t   i n  a s i g n i f i c a n t  change i n   t h e   v a l u e   o f   s p e c i f i c  

heat . 
For   equat ions   wh ich   invo lve  more than one s t a t i o n ,   a p p r o p r i a t e  

s imp le  mean s p e c i f i c   h e a t s  were  assumed. For  example,  the  Euler  work 

equa t ion   i s   exp ressed  as 
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where 

I 2 
Similarly, a stage isentropic temperature ratio is related to the stage 
total-pressure ratio as follows: 

Hence, three station values o f  Cb appear in the following expression 
for stage efficiency: 

Total-Pressure-Loss Coefficient Correlation 

The relatively sophisticated turbine design-point analysis would 
be of little real value unless row performance in terms  of  the  expected 
total-pressure loss is reasonably consistent with the computed flow con- 
ditions. Since it was desirable to develop a computer program for tur- 
bine design analyses which did not require a detailed specification of 

the blading, a correlation of total-pressure-loss coefficients in terms 
of aerodynamic design parameters was developed as part of the original 
program of work. The form of  the correlation used originally, and which 
will  be retained, is as follows: 

13 



where 

and 

The coefficients q ,  to were assigned recommended  values but their 

actual values were to be selected as program  inputs by individual  users. 

in general, it is believed  that  the form of the correlation is realistic 
in terms of the loss dependence on a change in tangential velocity, the 
row reaction as reflected by  its  inlet to exit velocity ratio, and  the 

probable effect of trailing edge blockage. 
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R E V I S I O N S  OF  THE ANALYSIS 

Spec i f i ca t ion   o f   Des ign   Requ i rement   and  Ana lys is   Var iab les  

As p r e v i o u s l y   s t a t e d ,   t h e   p r i n c i p a l   r e a s o n   f o r   u n d e r t a k i n g  a  mod- 

i f i c a t i o n   o f   t h e   t u r b i n e   d e s i g n - p o i n t   a n a l y s i s   p r o g r a m  documented i n   R e f -  

erence 2 i s   t h a t  two o f   t h e   o r i g i n a l l y   s e l e c t e d   a n a l y s i s   v a r i a b l e s   w e r e  

f o u n d   t o  be d i f f i c u l t   t o  use.  For some design  examples i t  was found   tha t  

t h e  f low f i e l d   s o l u t i o n  was s o  s e n s i t i v e  t o  t h e   s e l e c t i o n   o f   t h e s e   a n a l y -  

s i s   v a r i a b l e s   t h a t  it was e x t r e m e l y   d i f f i c u l t  or  even, i n  some cases, im-  

pos s 

men t 

t i o n  

t i a l  

b l e   t o   o b t a i n   s o l u t i o n s .  However, w i t h   t h e   e x c e p t i o n   o f   t h e   r e p l a c e -  

o f   t h e  t w o   a n a l y s i s   v a r i a b l e s  by  more s u i t a b l e   o n e s ,   t h e   s p e c i f i c a -  

o f   des ign   requ i rements   and  o ther   ana lys is   var iab les   remains   subs tan-  

y t h e  same as   tha t   fo r   the   o r ig ina l   p rogram.   A l though,   f rom  the  

pains o f   v i e w   o f   t h e   n u m e r i c a l   s o l u t i o n   o f  a pa r t i cu la r   des ign   p rob lem,  

t h e r e   i s  no r e a l   d i s t i n c t i o n  between  design  requirements  and  analysis 

v a r i a b l e s ,   t h e s e   a r e   s u b d i v i d e d   i n  a convent iona l  manner i n   t h e   f o l l o w -  

i n g   l i s t .  

1. 
2. 

3. 
4. 

5. 
6. 
7. 
8. 

9. 
10. 

1. 

Design  Requi  rements 

Number o f   spoo ls .  

R o t a t i o n a l  speed o f  each  shaft   ( rpm).  

T o t a l  power ou tpu t   o f  each shaft   (horsepower).  

I n l e t  mass f low, lbm  per  sec. 

I n l e t   t o t a l   p r e s s u r e   a s  a f u n c t i o n   o f   r a d i u s  (psi.). 

I n l e t   t o t a l   t e m p e r a t u r e   a s  a f u n c t i o n   o f   r a d i u s   ( d e g  R ) .  

I n l e t   f l o w   a n g l e   a s  a f u n c t i o n   o f   r a d i u s   ( d e g r e e s )  

A d d i t i o n a l   c o o l a n t   f l o w   f o r   e a c h   b l a d e  r o w  i n   t u r n  

as a f r a c t i o n   o f   t h e   i n l e t  mass flow. 

Coo lan t   t empera tu re   a t   each   po in t  of a d d i t i o n   ( o p t  

Gas constant   and 

each  des i gn s t a t  

expressed 

i o n a l ) .  

s p e c i f i c   h e a t   a t   c o n s t a n t   p r e s s u r e  for  

ion. 

Ana 

Number o f   s tages  
- l y s i s   V a r i a b l e s  

per  spool .  
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2. 

3 .  

4a. 

4b. 

5a. 

5b. 

6a. 

6b. 

7a. 

7b * 

8. 

I n d i v i d u a l   s t a g e  power outputs   expressed  as a f r a c t i o n  of 

t h e   t o t a l  power o u t p u t  of the  spool .  

Annu lus   d imens ion ,   hub  and  cas ing   rad i i   a t  f i r s t  s t a t o r  

i n l e t  and  each  b lade  row  ex i t   ( inches) .  

I f  s t reaml ine   mer id iona l   s lopes   and  curva tures   a re  t o  be 

computed  f rom  loca l   annu lus   wa l l   va lues ,   the   ax ia l   spac ing  

o f   t h e   d e s i g n   s t a t i o n s   ( i n c h e s )   m u s t   b e   s p e c i f i e d   t o g e t h e r  

w i th   add i t iona l   ups t ream  and  downst ream  annu lus   de f in i t ion .  

I f  s t reaml ine   mer id iona l   s lopes   and   cu rva tu res   a re   t o   be  

s p e c i f i e d   a s   a n   a l t e r n a t i v e   t o   t h e   i n t e r n a l   c a l c u l a t i o n ,  

va lues  o f   these  quant i   t ies   (degrees  and  inse1)   must   be 

s p e c i f i e d   a s  a f u n c t i o n   o f   r a d i u s   f o r  each  des ign  s ta t ion.  

Mean s t r e a m l i n e   s t a t o r   e x i t   t a n g e n t i a l   v e l o c i t i e s   ( f p s )   a n d  

t h e   r a d i a l   g r a d i e n t s   o f   m e r i d i o n a l   v e l o c i t y   a s  a f u n c t i o n  

o f   r a d i u s   ( p e r  sec) . 
S t a t o r   e x i t   a b s o l u t e   f l o w   a n g l e s   a s  a f u n c t i o n   o f   r a d i u s  

(degrees) . 
The g r a d i e n t s   o f   m e r i d i o n a l   v e l o c i t i e s   a t   s t a g e   e x i t   a s  a 

f u n c t i o n   o f   r a d i u s   ( p e r   s e c ) .  

Rad ia l l y   cons tan t   s tage  to ta l   tempera ture   d rop .  

The c o e f f i c i e n t s  4, t o   d e f i n i n g   t h e   t o t a l - p r e s s u r e -  

loss c o e f f i c i e n t   c o r r e l a t i o n   a n d   a d d i t i o n a l   l o s s   f a c t o r s  

as a f u n c t i o n   o f   r a d i u s   f o r   e a c h   b l a d e  row. 

The   b lade   row   to ta l -p ressu re - loss   coe f f i c i en ts  as a func-  

t i o n   o f   r a d i u s .  

The  s t reaml ine   mix ing   parameter   fo r   any   b lade row i n   w h i c h  

some degree o f   i n t e r f i l a m e n t   m i x i n g  i s  t o  be   spec i f ied .  

I tems 5a and 5b a r e   a l t e r n a t i v e   s p e c i f i c a t i o n s   o f   s t a t o r   e x i t   c o n d i t i o n s ,  

6a and  6b a r e   a l t e r n a t i v e   s p e c i f i c a t i o n s  for  s t a g e   e x i t   c o n d i t i o n s ,   a n d  

i t e m  7b i s  p r o v i d e d   a s   a n   a l t e r n a t i v e   f o r   a n y   c a s e   i n   w h i c h   a n   a n a l y s i s  

o the r   t han   t ha t   p rov ided  by t h e   i n t e r n a l l y  c o m p u t e d   l o s s   c o e f f i c i e n t s   i s  

required.  I tems 5a and 6a a r e   t h e  new a n a l y s i s   v a r i a b l e s ,   w h i l e  5b and 

6b are   cons idered  the   most   use fu l  of  a l t e r n a t i v e s   w h i c h   i n   f a c t   a r e   a l s o  

a v a i l a b l e   i n   t h e   o r i g i n a l  computer  program. 
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Required  Data from a Design-Point Analysis 
Basically the data  required from any design-point analysis is 

a complete definition of the  velocity triangles at each interrow  design 
station  together with the total pressures, total temperatures, and  Mach 
numbers. These data  together with the  gas constant and specific heat 
at constant pressure  then  permit  the calculation of any quantities of 
interest  using standard aerodynamic and thermodynamic formulae. 

The desirable output of a design-point analysis computer pro- 
gram  (together with a complete printout of design  requirements and analy- 
sis variables which comprise the program input) are as follows for each 
of the streamline locations  considered in the analysis: 

1. Radius of  stream1 ine. 
2. Meridional, axial, and  tangential  velocity  components. 

3 .  Absolute velocity  and flow angle. 
4. Blade  speed  and relative flow angle. 

5. Absolute total pressure and  total temperature. 
6. Rotor relative total pressure  and total  temperature. 
7. Static pressure and  static  temperature. 
8. Absolute and relative  Mach  numbers. 

For analyses in which interfilament mixing and/or the addition  of cool- 
ant flows has  been specified, the  modified  values of total pressure and 
total temperature are a1 so requi  red. 

From the  basic  velocity  triangle  and  thermodynamic  data  of  each 

stage the following information is also desirable. 
1. Streamline values of stator  and rotor velocity  ratios as 

indicators of the section reactions. 
2. Streamline values of stator  and rotor total-pressure-loss 

coefficients. 
3 .  Streamline values of stator and rotor blade  row  efficiencies. 
4. Streamline values o f  rotor and stage isentropic  efficiencies. 
5. Stator and rotor blade row efficiencies. 
6. Stage work output in Btu  per  lbm. 
7. Stage total-to-total  and total-to-static isentropic effi- 

c i ency. 



8. S t a g e   b l a d e - t o - j e t   s p e e d   v e l o c i t y   r a t i o .  

Items 5 t o  8 r e q u i r e   t h e   u s e  of mass f low  weighted  pressures  and  tempera- 

tu res .  

For   mul t is tage  analyses,   spool   per formance  data  compr is ing  the 

f o l l o w i n g   q u a n t i t i e s   a r e   n o r m a l l y   r e q u i r e d .  

1. Spool work and  power. 

2. Over-a1 1 t o t a l - t o - t o t a l   a n d   t o t a l - t o - s t a t i c   p r e s s u r e   r a t i o s .  

3. O v e r - a l l   t o t a l - t o - t o t a l   a n d   t o t a l - t o - s t a t i c   i s e n t r o p i c   e f -  

f i c i e n c i e s .  

4. O v e r - a l l   s p o o l   b l a d e - t o - j e t   s p e e d   v e l o c i t y   r a t i o .  

The  Revi  sed Ana 1 ys i s 

The o r i g i n a l   a n a l y s i s   t r e a t e d  dv, , df?, , and dVw as  the 
1 

O Z c f  -& 
t h r e e   p r i n c i p a l  unknown q u a n t i t i e s   a t   e a c p o f   t h e   d e s i g n   s t a t i o n s .   I n  

e a c h   c a s e   t h e   t o t a l   t e m p e r a t u r e   a n d   d e r i v a t i v e s   o f   t o t a l   t e m p e r a t u r e   w i t h  

r e s p e c t   t o   r a d i u s   w e r e   c o n s i d e r e d   e i t h e r   a s  ,known q u a n t i t i e s   o r   q u a n t i -  

t i e s   w h i c h   c o u l d  be o b t a i n e d   r e a d i l y  from t h e   s p e c i f i e d  power o u t p u t  

f u n c t i o n .  When a s p e c i f i c a t i o n   o f  dum/& a t   s t a g e   e x i t   i s   p e r m i t t e d ,  

i t  becomes d e s i r a b l e  t o  cons ide r   t he   t o ta l   t empera tu re   as  a v a r i a b l e  

and t o  i n c l u d e   i t s   s o l u t i o n   w i t h   t h a t   o f   t h e   t o t a l   p r e s s u r e ,   m e r i d i o n a l  

v e l o c i t y ,   a n d   t a n g e n t i a l   v e l o c i t y .   T h u s ,   f o u r   d i f f e r e n t i a l   e q u a t i o n s  

must  be  formulated. A r e l a t i v e l y   m i n o r   m o d i f i c a t i o n   o f   t h e   o r i g i n a l  

a n a l y s i s ,   i n v o l v i n g   t h e  change of  one o f   t h e  unknowns f r q m  d-5 t o  
2 

. . .  d/ ” 
is  a l so   sugges ted   by   t he   use   o f  d k / b  as a p o s s i b l e   i n p u t   s p e c i f i c a t i o n  

a t   e i t h e r   s t a t o r   o r   s t a g e   e x i t   d e s i g n   s t a t i o n s .   T h e r e f o r e ,   t h e   r e v i s i o n  

t o  t h e   a n a l y s i s   c o n s i s t s   p r i m a r i l y   o f   d e r i v i n g   f o u r   d i f f e r e n t i a l  equa- 

* ions i n   w h i c h  dV* , d ((ME) , 4% , and &(~JTc,) a r e   t h e  unknowns. A s  

i n   t h e   p r e v i o u s   a n a l y s i s ,   t h r e e   d i f f e r e n t i a l   e q u a t i o n s   a r e   d e r i v e d   f r o m :  
a;r a;rJ * CLC 

1. The r a d i a l   e q u i l i b r i u m   e q u a t i o n   ( r a d i a l  momentum). 

2. The  element  performance  equat ion  ( total-pressure- loss  co- 

e f f i c i e n t   e q u a t i o n ) .  

3. The v e l o c i t y  components  equation. 

The f o u r t h   e q u a t i o n   i s   d e r i v e d   t r i v i a l l y  from t h e   t o t a l - t e m p e r a t u r e   d i s -  

t r i b u t i o n   w i t h   r a d i u s   i n   t h e   c a s e s   w h e r e   t h i s   d i s t r i b u t i o n   i s  known o r  
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from the  Euler work equation in the case of stage exit design  station 
where the  power output distribution is not  specified. The work equation 

is, of course, 

where the mean specific heat, q, is as defined in Equation 12. 
values of dChx) rather  than  the  actual total temperature, the total 
power output of  the stage (which is invariably a design  requirement)  must 
be satisfied in order to establish the  actual  values o f  total temperature 
as  a function of radius a t  stage exit. The integral form of the  power 
output equation is as follows: 

Since the solution of the differential equations will yield 

& 

Although it would be possible to simplify  the  set  of  differential equa- 

tions to a form which is dependent on the design  station  under considera- 
tion and the selected analysis variables for a particular  design analy- 
sis, from the point of view  of efficiently programming a design analysis, 
it  is desirable to retain  the  basic  set of differential  equations. Thus, 

at each design station irrespective of the selection of  design analysis 
variable, the following equations have  been  derived: 
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w h e r e   t h e   c o e f f i c i e n t s  c,, th rough  can  be   computed  fo r   par t i cu la r  

v a r i a n t s   o f   t h e   p r o b l e m   o f   o b t a i n i n g  a s o l u t i o n  of  t h e   f l o w   f i e l d   w h i c h  

sa t i s f i es   t he   des ign   requ i remen ts .  The remainder of t h i s   s e c t i o n   o f   t h e  

r e p o r t   c o n s i d e r s   e a c h   o f   t h e s e   f o u r   d i f f e r e n t i a l   e q u a t i o n s   i n   t u r n   a n d  

descr ibes  how t h e y   a r e   d e r i v e d   f o r   p a r t i c u l a r   d e s i g n   s t a t i o n s   a n d / o r  

c h o i c e   o f   t h e   o p t i o n a l   s p e c i f i c a t i o n   o f   t h e   d e s i g n   p a r a m e t e r s .  

Rad ia l   Equ i l i b r i um  Equa t ion  

Equat ion 1 i s  expressed i n  terms o f  s t a t i c   p r e s s u r e   a n d  den- 

s i t y  and,  hence, t o   ob ta in   an   equa t ion   o f   t ype   requ i red   (Equa t ion  18) 

t h e s e   q u a n t i t i e s   a r e  f i r s t  t o  be expressed i n  te rms   o f   t o ta l   p ressu re ,  

to ta l   tempera ture ,  and t h e   v e l o c i t y  components (V, and vk ) .  The s tan -  

dard  formulae  are  as  fo l lows:  

and 

From t h e   d i f f e r e n t i a t i o n   o f   E q u a t i o n  23, Equat ion 22, and   t he   o r i g ina l  

e x p r e s s i o n   o f   t h e   c o n d i t i o n   o f   r a d i a l   e q u i l i b r i u m ,   t h e   f o r m   o f   t h e   r a d i a l  

e q u i l i b r i u m   e q u a t i o n  used  throughout   the  analys is  i s  as f o l l o w s :  

20 



The coefficients of Equation  18, cl, toC15 , are identified by Equation 
24 and remain in this  standard form throughout any design  analysis. 

Tota 1 -P ressure  Equation 
At the turbine inlet,  the total pressure will be  specified as 

a function of  radius. Hence, Equation 19 is readily  derived as 

For subsequent design stations, the total pressure is dependent 
on a row total-pressure-loss coefficient, the isentropic value of total 
pressure, and  the row exit  dynamic head. Thus, for a stator  row 

Po, = P e l 5  (26) 

I +%(I -") 
eo, 

or 6;1 p,, = &3 POIS - cos { I  + 'r: (I- C)] 
6, (26a) 

Expressing the  ratio e / re ,  in terms of the  velocity component (using 
Equation 23), the differentiation of Equation 26a yields an equa.tion of 
required  form. The coefficients of Equation 19 are then  identified. 
Since the expressions for  the coefficients are relatively complex, they 
are not stated here; they are presented in the relevant  steps (35-38) of 
the  detailed calculation procedure of Appendix I l l .  

In the case of the stage exit design stations, the  total pres- 

sure is somewhat more complex in that the rotor row total-pressure-loss 
coefficient is expressed in terms of the relative total  pressures. The 
rotor loss coefficient definition of Equation 2 can be reexpressed in 
terms  of  the stage exit absolute total pressure as follows: 
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Hence, 

o r  

The t h r e e   p r e s s u r e   r a t i o s   o c c u r r i n g   o n   t h e   r i g h t - h a n d   s i d e   o f   E q u a t i o n  

28a can a l l  be  expressed i n  te rms   o f   ve loc i t y   and   t he   t o ta l   t empera tu re .  

Thus, 

and  the   appropr ia te   express ion   fo r  f z  Itoz can be ob ta ined  f rom Equa- 

t i o n  23. 

The c o e f f i c i e n t s   f o r   E q u a t i o n  19 can   t he re fo re  be ob ta ined  f rom 

t h e   d i f f e r e n t i a t i o n   w i t h   r e s p e c t   t o  t o f  Equat ion 28a.  The ac tua l   ex -  

p r e s s i o n   f o r   t h e   c o e f f i c i e n t s   a r e   p r e s e n t e d  as pa r t   o f   t he   s tep -by -s tep  

c a l c u l a t i o n   g i v e n   i n   A p p e n d i x  I l l .  

The V e l o c i t v  ComDonents Eauat ion 

The t h i r d   d i f f e r e n t i a l   e q u a t i o n   ( E q u a t i o n  20) r e q u i r e d   f o r   t h e  



flow field solution is either derived from Equation 3 or obtained directly 
from the  selected  design  specifications. 

At the first stator inlet  design station or at any  stator  exit where 
the absolute flow angle is specified, the coefficients of Equation 20 are 
obtained from the differentiation of Equation 3 which yields the  following: 

Although the c35 coefficient can be  evaluated directly, the 

differential of the  product d (WSn t”f4) = d~ ~ hT &,,,A@ is 
used in the  actual  solution. -P  & 

CK 

For the  optional specification of the stator exit flow condition, 
the specification of the gradient  of  meridional  velocity as a function of 
radius is used  directly to provide the coefficients of Equation 20. Thus, 

Similarly, at a stage exit, when the  gradient  of  meridional  ve- 
locity is specified, c3, = 1.0, c31= c 3 3  f C w  = 0 , and C3,-= d V*\$*). 

The solution of a stage exit flow field when radially constant 
x 

work extraction is specified can be considered as a special  case.  Rather 
than to derive a velocity components equation, Equation 20 is obtained 
directly from the fact that  the stage exit total temperature distribution 
is known  directly from the  stator exit total temperature distribution and 
the stage power output. Hence, the third differential equation becomes 

Since the  total temperature is specified  at  the first stator 
inlet and there is no change o f  total temperature along streamlines from 

any stator inlet to exit in the absence of mixing or the addition of 
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c o o l a n t ,   f o r  

work" r a t   h e r  

ent ia1  equat  

and 

' t h e   f i r s t   s t a t o r   i n l e t  and  each s t a t o r   e x i t   s t a t i o n  a  "no- 

than  the  work  equat ion i s  used t o  o b t a i n   t h e   f o u r t h   d i f f e r -  

ion.  Thus,  the  forms  of  Equation 21 a r e  as f o l l o w s :  

F o r   s t a g e   e x i t   d e s i g n   s t a t i o n s   t h e   d i f f e r e n t i a t i o n   o f   E q u a t i o n  12 y i e l d s :  
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f 
I 

I NPUT  DATA 

D e s c r i p t i o n   o f   I n p u t   D a t a  

The phys ica l   inpu t   da ta   used by  Program TD2 can be d i v i d e d   i n t o  

th ree   ca tegor ies :   inpu t   op t ions ,   genera l   des ign   requ i rements ,   and  spoo l  

des ign   requ i remen ts   and   ana lys i s   va r iab les .   I npu t   da ta   i n   t he   f i r s t   two  

c a t e g o r i e s   a r e   s p e c i f i e d   o n c e   f o r   e a c h   t u r b i n e   a s  a u n i t .   I n p u t   d a t a   i n  

t h e   l a t t e r   c a t e g o r y   a r e   s p e c i f i e d   f o r  each  spool   o f   the  turb ine,  i f  t h e r e  

i s  more than one s p o o l ,   o r   f o r  each s e t   o f   a n a l y s i s   v a r i a b l e s   t o  be  con- 

s i  dered. 

The i n f o r m a t i o n   r e q u i r e d   t o   p r e p a r e   t h e   i n p u t   d a t a   f o r  a t y p i c a l  

case i s   f u rn i shed   be low.   Th i s   i n fo rma t ion   con ta ins  a d e s c r i p t i o n   o f   e a c h  

i n p u t  i t e m  as  wel l   as a desc r ip t i on   o f   t he   f o rm  i n   wh ich   t hese   i t ems   a re  

w r i t t e n  on input  data  sheets.  I t  should be n o t e d   t h a t   t h e   u n i t s  of   the 

i n p u t   i t e m s   a r e   n o t   c o n s i s t e n t   b u t ,   r a t h e r ,   a r e   t h o s e   u n i t s   w h i c h  have 

found common usage.  The u n i t s   o f  each i n p u t   i t e m   a r e   i n c l u d e d   i n   t h e  

d e s c r i p t i o n   o f   t h e  i t em.  

The f i r s t  group  of  input  i tems  read  by  Program TD2 cons is t s   o f  

d e s c r i p t i o n   o f   t h e   c a s e  and the  general   input  opt ions.   These  i tems,  which 

appear i n   t h e   f o l l o w i n g   t a b l e ,   a r e   r e a d   i n t o   t h e   p r o g r a m   u s i n g  FBRMAT 

statements. The c a s e   d e s c r i p t i o n   g i v e n   o n   t h e   f i r s t   c a r d  i s  read  as  an 

a l p h a n u m e r i c   f i e l d ;  any  combinat ion  o f   numbers,   capi ta l   le t ters ,   punctua-  

t i o n s ,   o r   b l a n k s  may be used.  The genera l   inpu t   op t ions   a re   read as i n t e -  

g e r   f i e l d s ;   t h e s e  numbers may never   conta in  a dec imal   po int .  

2 12 1 SPEC 

F o r t r a n  
L i n e  Loca t i on Symbol Descr i p t  i on - 
1 1-72 C OME NT A statement   descr ib ing  the  case 

t o  be   cons idered;   th is  may n o t  
be o m i t t e d   b u t  may be l e f t   b l a n k  

I n d i c a t o r :  
ISPEC=O i f  v a l u e s   o f   t o t a l -  
p r e s s u r e - l o s s   c o e f f i c i e n t   a s  
a f u n c t i o n   o f   r a d i u s   a r e  
s p e c i f i e d   a t  each  blade  row 
e x i t  
ISPEC=l  i f  s t reaml ine   va lues  of 
t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  
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L i n e  - Loca t i on 

30 

36 

42 

48 

F o r t r a n  
Symbo 1 

I C00L 

I M l X  

I STRAC 

1 DLETE 

D e s c r i D t i o n  

a r e   c a l c u l a t e d  from t h e  
n a l   c o r r e l a t i o n   w i t h o u t  
d i t i o n a l   l o s s   f a c t o r   a t  
b l a d e   r o w   e x i t  

i n t e r -  
an  ad- 
each 

ISPEC=2 i f  s t r e a m l i n e   v a l u e s   o f  
t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  
a r e   c a l c u l a t e d   f r o m   t h e   i n t e r n a l  
c o r r e l a t i o n  - w i t h   a n   a d d i t i o n a l  
l oss   f ac to r   a t   each   b lade   row  
e x i t  

ICBpIL=O i f  a coolant   schedule 
i s   n o t   s p e c i f i e d   i n   t h e   i n p u t  
d a t a  
IC@0L=1 i f  a c o o l a n t  mass f l o w  
schedule i s   s p e c i f i e d   i n   t h e  
i npu t   da ta  
IC00L=2 i f  a c o o l a n t  mass f l o w  
and  to ta l - tempera ture   schedu le  
a r e   s p e c i f i e d   i n   t h e   i n p u t   d a t a  

IMIX=O i f  a m ix ing   schedu le   i s  

IMIX=l i f  a m ix ing   schedu le   i s  
s p e c i f i e d   i n   t h e   i n p u t   d a t a  

ISTRAC=O i f  the   s t reaml ine   an -  
g l e s   o f   i n c l i n a t i o n  and  curva- 
t u r e s   a r e   _ c a l c u l a t e d   i n t e r n a l l y  
a t  each   des ign   s ta t i on  
ISTRAC=l i f  va lues  o f   s t ream- 
l i n e   a n g l e   o f   i n c l i n a t i o n  and 
curva ture   as  a f u n c t i o n   o f  
r a d i u s   a r e   s p e c i f i e d   a t   e a c h  
d e s i g n   s t a t i o n  

IDLETE=O i f  only   the  converged 
r e s u l t s   o f   t h e   i t e r a t i o n   l o o p  
o n   s t r e a m l i n e   p o s i t i o n   a r e   t o  
be p r i n t e d   a t  each  design  sta- 
t i o n  
IDLETE=l i f  t h e   r e s u l t s   o f   e a c h  
p a s s   t h r o u g h   t h e   i t e r a t i o n   l o o p  
on s t r e a m l i n e   p o s i t i o n   a r e   t o  
b e   p r i n t e d   a t   e a c h   d e s i g n   s t a -  
t i o n  

I n d i c a t o r :  

I n d i c a t o r :  

- n o t   s p e c i f i e d   i n   t h e   i n p u t   d a t a  

I n d i c a t o r :  

I n d i c a t o r :  
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Loca t i on 

54 

F o r t r a n  
S ymbo 1 

I EXTRA 

1 - L i n e   D e s c r i p t i o n  

I n d i c a t o r :  
IEXTRA=O i f  t h e   r e s u l t s   o f   t h e  
passes   t h rough   the   i t e ra t i on  
l o o p   o n   m e r i d i o n a l   v e l o c i t y   a t  
t h e  mean s t r e a m l i n e   a r e  not t o  
b e   p r i n t e d  
IEXTRA=l i f  t h e   r e s u l t s  of t h e  
passes   t h rough   the   i t e ra t i on  
l o o p   o n   m e r i d i o n a l   v e l o c i t y   a t  
t h e  mean s t r e a m l i n e   a r e  t o  be 
p r i n t e d  when t h e   r e s u l t s  o f  a 
p a s s   t h r o u g h   t h e   i t e r a t i o n   l o o p  
o n   s t r e a m l i n e   p o s i t i o n   a r e  t o  
b e   p r i n t e d  

The  remain ing   inpu t   i tems  a re   read  in to   Program TD2 us ing  NAMELIST 

s t a t e m e n t s .   I n p u t   d a t a   r e f e r r i n g   t o  a NAMELIST statement   begins  wi th  a $ 
i n   t h e  second  locat ion  on a new l ine ,   immedia te ly   fo l lowed  by   the  NAMELIST 

name, immedia te ly   fo l lowed  by  one o r  more b lank   cha rac te rs .  Any combina- 

t i o n   o f   t h r e e   t y p e s   o f   d a t a   i t e m s  may t h e n   f o l l o w .  The data  items  must 

be  separated  by commas. I f  more t h a n   o n e   l i n e   i s  needed f o r   t h e   i n p u t  

da ta ,   t he   l as t   i t em  on   each   l i ne ,   excep t   t he   l as t   l i ne ,   mus t  be a number 

f o l l o w e d  by a comma. The f i r s t   l o c a t i o n   o n  each l i ne   shou ld   a lways  be 

l e f t   b l a n k   s i n c e  i t  i s  ignored.  The  end o f  a g roup   o f   da ta   i t ems   i s  

s i g n a l e d  by a $ anywhere  except i n   t h e   f i r s t   l o c a t i o n  o f  a l i n e .  The 

f o r m   t h a t   d a t a  i tems may t a k e   i s :  

1 .  V a r i a b l e  name = cons tan t ,  where t h e   v a r i a b l e  name  may be  an 

a r ray   e lemen t   o r  a s i m p l e   v a r i a b l e  name. Subscr ipts  must 

be   i n tege r   cons tan ts .  

2. A r ray  name = se t   o f   cons tan ts   separa ted  by commas where E: 

cons tan t  may be used t o   r e p r e s e n t  k consecu t i ve   va lues   o f  a 

constant .  The number of cons tan ts  must  be  equal t o   t h e  num- 

be r   o f   e lemen ts   i n   t he   a r ray .  

3. S u b s c r i p t e d   v a r i a b l e  = se t   o f   cons tan ts   separa ted   by  commas 

where,  again, kft cons tan t  may be  used t o   r e p r e s e n t  k consecu- 

t i v e   v a l u e s   o f  a c o n s t a n t .   T h i s   r e s u l t s   i n   t h e   s e t   o f   c o n -  

s t a n t s   b e i n g   p l a c e d   i n   c o n s e c u t i v e   a r r a y   e l e m e n t s ,   s t a r t i n g  

w i th . the   e lement   des ignated  by the   subsc r ip ted   va r iab le .  
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The name l i s t  NAMl i s  used to   read   t he   i npu t   i t ems   wh ich   i nc lude  

the  general   design  requirements.  The i tems i n  NAMl a r e  as fo l l ows :  

F o r t r a n  
Symbol 

NSPdBL 

NA V 

NL I NES 

GAS C 

F LWM 

N LT 

( BETLT ( J )  , 
J=i  NLT) 

I nput 
I tem - D e s c r i p t i o n  

ri’ Number o f   s p o o l s   o f   t h e   t u r b i n e  
being  cons idered;  1 ,  2, o r  3 
spoo ls   a re   a l lowed 

Number o f  s e t s   o f   a n a l y s i s   v a r i -  
ab les ;  any number i s  a l l owed  i f  
NSP00L=l, b u t   o n l y  one s e t   o f  
a n a l y s i s   v a r i a b l e s   i s   a l l o w e d  i f  
NSP00L 7 1 and NAV need no t  be 
s p e c i f i e d  

Number o f   s t r e a m l i n e s   t o  be  used 
i n   t h e   c a l c u l a t i o n s   ( i n c l u d i n g  
the  hub and casing  stream1  ines) ; 
any  odd  number  from 3 t o  17 i s  
a l l owed   bu t  9 i s  recommended 

Gas c o n s t a n t   o f   t h e   w o r k i n g   f l u i d ,  
f t  l b f   p e r  lbm  deg R 

Mass f l o w   r a t e   a t   t h e   i n l e t   o f  
t h e   t u r b i n e ,  lbm  per  sec 

Number of r a d i  i a t   w h i c h   t h e   i n -  
l e t   c o n d i t i o n s   o f   t h e   t u r b i n e   a r e  
s p e c i f i e d ;  any number f rom 1 t o  
17 i s   a l l o w e d  

Rad ia l   coo rd ina tes   a t   wh ich   t he  
i n l e t   c o n d i t i o n s   o f   t h e   t u r b i n e  
a r e   s p e c i f i e d ,   i n ;   t h e   v a l u e s   o f  
RLT must  be m o n o t o n i c a l l y   i n -  
creas i ng 

Va lues   o f   t he   abso lu te   t o ta l  
t e m p e r a t u r e   a t   t h e   i n l e t   o f   t h e  
tu rb ine   co r respond ing   t o   t he  
r a d i a l   c o o r d i n a t e s  RLT, deg R 

Values o f  t h e   a b s o l u t e   t o t a l  
p r e s s u r e   a t   t h e   i n l e t   o f   t h e  
tu rb ine   co r respond ing   t o   t he   ra -  
d i a l   c o o r d i n a t e s  RLT, p s i  

Values o f   t h e   a b s o l u t e   f l o w   a n g l e  
a t   t h e   i n l e t   o f   t h e   t u r b i n e   c o r -  
r e s p o n d i n g   t o   t h e   r a d i a l   c o o r d i -  
nates RLT, deg 

The name l i s t  NAM2 i s  used t o  read  the   inpu t   i tems  fo r  a spool ,  
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inc lud ing  the  spool   des ign  requi rements  and  the  spool   analys is   var iab les.  

Each s p o o l   o f   t h e   t u r b i n e ,   o r   e a c h   s e t   o f   a n a l y s i s   v a r i a b l e s   i s   s p e c i f i e d  

in   separa te   namel is t   g roups .  The i tems i n  NAM2 a r e   a s   f o l l o w s :  

F o r t   r a n  
Symbol 

RPM 

HP 

NSTG 

Inpu t  
I tem 

A 
- 

% 

(XSTAT( I ) ,  
I =1, NSTAT) 

D e s c r i p t i o n  

R o t a t i v e  speed o f   t he   spoo l ,  rpm 

Power ou tpu t  of the  spool ,  hp 

Number o f   s tages  on the  spool ;  
any  number from 1 t o  8 i s   a l -  
l owed 

Power output   o f   each  s tage of  t h e  
spool,  expressed  as a f r a c t i o n   o f  
t h e   t o t a l  power o u t p u t   o f   t h e  
s PO0 1 

S p e c i f i c   h e a t   a t   c o n s t a n t   p r e s -  
sure of  t h e   w o r k i n g   f l u i d   a t  each 
des ign   s ta t i on   o f   t he   spoo l   (where  
NDSTAT=2;':NSTG+l) , Btu  per  1 bm 
deg R 

f ISTRAC=l, t he   f o l l ow ing   t h ree   i t ems   shou ld  be omi t ted .  

!Xi A x i a l   c o o r d i n a t e   o f   e a c h   s t a t i o n  
of   the  spool   (where NSTAT=2* 
NSTG+3), i n  

%;. R a d i a l   c m r d i n a t e   o f   t h e  hub a t  
each   s ta t i on  of  t h e   s p o o l ,   i n  

(RANN( I f 1 )  , 
I =1, NSTAT) 

(RANN ( I 9 2) 9 

I =1, NSTAT) a t  each   s ta t i on  of  the  spool ,  *& Radia l   coo rd ina te   o f   t he   cas ing  

i n  

I f  ISTRAC=O, the   f o l l ow ing   s i x   i t ems   shou ld   be   om i t ted .  

(RANN( I , 1 )  , Rad ia l   coo rd ina te   o f   t he  hub a t  
I = 1 , NDSTAT) Til; each  des ign   s ta t ion   o f   the   spoo l ,  

i n  

(RANN ( I , 2) 9 %i Rad ia l   coo rd ina te   o f   t he   cas ing  
I =1, NDSTAT) a t  each  des ign   s ta t ion  of  the  

s p o o l ,   i n  

NSTRAC Number of r a d i i   a t   w h i c h   s t r e a m -  
l i n e   a n g l e s   o f   i n c l i n a t i o n  and 
c u r v a t u r e s   a r e   s p e c i f i e d   a t  each 
d e s i g n   s t a t i o n   o f   t h e   s p o o l ;  any 
number f rom 1 to  17 i s  a1 lowed 

Rad ia l   coord ina tes   a t   wh ich   s t rearn-  
l i n e   a n g l e s   o f   i n c l i n a t i o n   a n d  

( (RSTRAC (J ,  I ) , 
J=l ,NSTRAC) , 
I =I, NDSTAT) 
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I npu t 
I tern - Descr i p t   i o n  

( (ASTR (J , I , 
J = l  , NSTRAC) , 
I = 1 , NDSTAT) 

((CSTR(J, I )  , 
J= l  ,NSTRAC) , 
I =1 , NDSTAT 

(FLWCN( I )  , 
I =I ,NBR) 

NXT 

, 
W C i  

c u r v a t u r e s   a r e   s p e c i f i e d   a t   e a c h  
d e s i g n   s t a t i o n   o f   t h e   s p o o l ,   i n ;  
t he   va lues   o f  RSTRAC a t  each  de- 
s i g n   s t a t i o n  must be mono ton ica l l y  
i n c r e a s i n g  

Values o f   t h e   s t r e a m l i n e   a n g l e   o f  
i n c l i n a t i o n   a t  each  design  sta- 
t i o n   o f   t h e   s p o o l   c o r r e s p o n d i n g  
t o   t h e   r a d i a l   c o o r d i n a t e s  RSTRAC, 
deg 

Va lues   o f   the   s t reaml ine   curva-  
t u r e   a t  each  des ign   s ta t ion   o f   the  
spool   corresponding t o  t h e   r a d i a l  
coo rd ina tes  RSTRAC, p e r   i n  

Mass f l o w   o f   t h e   c o o l a n t  added 
i n  each  blade  row  of   the  spool  
(where NBR=2;':NSTG) , expressed  as 
a f r a c t i o n  o f  t h e   i n l e t  mass f l o w  
o f   t h e   t u r b i n e ;   t h i s  i t e m  should 
be o m i t t e d  i f  lC$bL=O 

Absol   Ute  to ta  1 tempera ture   o f  
t h e   c o o l a n t  added i n  each  blade 
row o f   t he   spoo l ,  deg R ;  t h i s  
i tem  should  be  omi t ted i f  
IC0$L=O o r  1 

S t reaml ine   va lues   o f   the   mix ing  
c o e f f i c i e n t  f o r  each  blade row 
o f   t h e   s p o o l ;   t h i s  i t e m  should 
be o m i t t e d  i f  IMIX=O 
Number o f   r a d i i   a t   w h i c h   t h e   e x i t  
cond i t i ons   o f   each   b lade  row o f  
t he   spoo l   a re   spec i f i ed ;  any num- 
ber   f rom 1 t o  17 i s  a l l owed  

I n d i c a t o r :  
IWRL(I)=O i f  va lues   o f   t he  de- 
r i v a t i v e   o f   m e r i d i o n a l   v e l o c i t y  
w i t h   r e s p e c t   t o   r a d i u s ,   p e r   s e c ,  
a r e   s p e c i f i e d   a s  a f u n c t i o n   o f  
r a d i u s   a t  a s t a t o r   e x i t   o f   t h e  
s PO0 1 
IWRL( I )= I  i f  va lues   o f   f l ow  
angle,  deg, a r e   s p e c i f i e d   a s  a 
f u n c t i o n   o f   r a d i u s   a t  a s t a t o r  
e x i t   o f   t h e   s p o o l  and  the  sub- 
s o n i c   s o l u t i o n  i s  des i red  
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F o r t r a n  
 symbol^ ~ 

((RNXT(J , 1 )  , 
J=l , NXT) , 
I =1 , NSTG) 

I npu t 
I tern - D e s c r i p t i o n  

IWRL(I)=P i f  va lues of  f l o w  
angle, deg, a r e   s p e c i f i e d   a s  a 
f u n c t i o n  of  r a d i u s   a t  a s t a t o r  
e x i t   o f   t h e   s p o o l   a n d   t h e   s u -  
p e r s o n i c   s o l u t i o n   i s   d e s i r e d  

Rad ia l   coo rd ina tes   a t   wh ich   t he  
e x i t   c o n d i t i o n s  of  each s t a t o r  
o f   t h e   s p o o l   a r e   s p e c i f i e d ,   i n ;  
t he   va lues  of  RNXT a t  each  sta- 
t o r   e x i t  must  be  monotonical ly 
i nc reas ing  

The  fo l low ing   two  i tems  shou ld  be g i ven  fo r  each  stage 
for  which IWRL( I)=O. 

( (D 
J= 1 
I = I  

V a l u e s   o f   w h i r l   v e l o c i t y ,   f p s ,  
a t   t h e  mean s t reaml ine  

V a l u e s   o f   t h e   d e r i v a t i v e   o f  
m e r i d i o n a l   v e l o c i t y   w i t h   r e -  
spec t   t o   rad ius ,   pe r   sec ,   a t  a 
s t a t o r   e x i t   o f   t h e   s p o o l   c o r r e s -  
p o n d i n g   t o   t h e   r a d i a l   c o o r d i -  
nates RNXT 

The f o l l o w i n g   i t e m   s h o u l d   b e   g i v e n  for  each o f   t h e  
remain ing  s tages  for   which  IWRL(I )= l   or  2. 

Values o f   f l o w   a n g l e ,  deg, a t  
a s t a t o r   e x i t   o f   t h e   s p o o l   c o r -  
r e s p o n d i n g   t o   t h e   r a d i a l   c o o r -  
d ina tes  RNXT 

I n d i c a t o r :  
IP!JF(I)=O i f  a un i fo rm power 
o u t p u t   d i s t r i b u t i o n   i s   d e s i r e d  
a t  a s t a g e   e x i t   o f   t h e   s p o o l  
IP0F( I)=1 i f  a g rad ien t  o f  
m e r i d i o n a l   v e l o c i t y  will be 
s p e c i f i e d   a t  a s t a g e   e x i t   o f  
the  spool  

I f  IPBF( I )=O,   the   fo l low ing   i tem  shou ld  be omi t ted .  

( ( D  
J= 1 
I = 1  

VMDR (J , 2;k I ) , 
9 NXT) Y 

, NSTG) 

V a l u e s   o f   t h e   d e r i v a t i v e   o f  
m e r i d i o n a l   v e l o c i t y   w i t h   r e -  
spec t   t o   rad ius ,   pe r   sec ,   a t  a 
s t a g e   e x i t  o f  the   spoo l   cor res-  
p o n d i n g   t o   t h e   r a d i a l   c o o r d i n a t e s  
RSXT 
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F o r t r a n   I n p u t  
Symbo 1 - I tem D e s c r i p t i o n  

I f  IPBF(I)=O  and ISPEC=l,  t h e   f o l l o w i n g   i t e m   s h o u l d  
be omi t ted .  

Rad ia l   coo rd ina tes   a t   wh ich   t he  
e x i t   c o n d i t i o n s  of each  stage o f  
t he   spoo l   a re   spec i f i ed ;   t he  
v a l u e s   o f  RXST a t  each s t a g e   e x i t  
must   be  monotonica l ly   increas ing 

I f  ISPEC=l, the   fo l low ing   two  i tems  shou ld   be   omi t ted .  

((YBSS(J,2$:1-1), 
J=l ,NXT) , 
1=1 ,NSTG) 

( (y0ss (J 9 

J=I ,NXT) , 
I = I  , NSTG) 

2;'; I ) , 

Values o f   t h e   l o s s   c o e f f i c i e n t  ( i f  
ISPEC=O) o r   a n   a d d i t i o n a l   l o s s  
f a c t o r  ( i f  ISPEC=2) a t  each  sta- 
t o r   e x i t   o f   t h e   s p o o l   c o r r e s p o n d -  
i n g   t o   t h e   r a d i a l   c o o r d i n a t e s  RNXT 

Values o f   t h e   q u a n t i t y   i n d i c a t e d  
by  I LBSS ( i f  1 SPEC=O) o r  an  addi- 
t i o n a l  loss f a c t o r  ( i f  ISPEC=2) 
a t  each  stage e x i t   o f   t h e   s p o o l  
c o r r e s p o n d i n g   t o   t h e   r a d i a l  co- 
o r d i n a t e s  RSXT 

I f  ISPEC=O, t he   f o l l ow ing   i t em  shou ld  be omi t ted .  

Va lue   o f   the   n ine   cons tan ts   wh ich  
d e f i n e   t h e   i n t e r n a l   l o s s   c o r r e -  
l a t i o n  

Th is   comple tes   the   inpu t   da ta   fo r  a s i n g l e   s p o o l ,  one  spool o f  a 

mu l t i spoo l   des ign ,   o r  one s e t   o f   a n a l y s i s   v a r i a b l e s .  For  each new case 

t h e   c o m p l e t e   i n p u t   s p e c i f i c a t i o n   f r o m   " l i n e  l " ,  t he  comment card,  will be 

requ i red .   Fo r   add i t i ona l   spoo ls   o r   se ts   o f   ana lys i s   va r iab les ,   t he   i npu t  

s p e c i f i c a t i o n   r e t u r n s   t o   t h e   b e g i n n i n g   o f   t h e  NAM2 name l i s t .  When more 

than one s e t   o f   a n a l y s i s   v a r i a b l e s  i s  used,  any quan t i t y   wh ich  i s  n o t  ex- 

p l i c i t l y   r e s e t  will remain  unchanged  f rom  the  va lue  prev ious ly   spec i f ied.  

D iscuss ion   o f   I npu t   Da ta  

The f o l l o w i n g   p o i n t - b y - p o i n t   d i s c u s s i o n  o f  the   i npu t   da ta  con- 

t a i n s   s u g g e s t i o n s   f o r   t h e  most e f f i c i e n t  use o f  Program TD2. The items 

a re   d i scussed   i n   t he  same order  as  they  appear i n   t h e   D e t a i l e d   D e s c r i p -  

t i o n   o f   I n p u t   D a t a .   I n   s e v e r a l   i n s t a n c e s ,   r e f e r e n c e  i s  made t o  a pre- 

l i m i n a r y   d e s i g n   c a l c u l a t i o n .  These c a l c u l a t i o n s   s h o u l d  be  performed 

b e f o r e   t h e   p r e p a r a t i o n  of any i n p u t   d a t a   f o r  a new design. A t y p i c a l  



i n p u t   d a t a   s h e e t   i s  shown l a t e r   i n   t h e   r e p o r t  i n  the  appendix   devoted  to  

the  sample  case. Input  i tems  which  di f fer   f rom  those  used  by  Program TD 

have  been i n d i c a t e d  by  an a s t e r i s k .  

1. 

2. 

3 .  

4. 

5 .  

6 .  

Case Descr ip t ion   and  Genera l   inpu t   Opt ions  

ISPEC - I t  will be  no ted   tha t   severa l   loca t ions   on   the   inpu t  

op t ions   card   have  purpose ly   been  le f t   b lank .   Th is   a l lows 

the  program  to  use  the same i n d i c a t o r   l o c a t i o n s  as  Program 

TD, t h e r e b y   i n c r e a s i n g   i n p u t   c o m p a t i b i l i t y   b e t w e e n   t h e  two 

programs.  The a d d i t i o n a l  loss f a c t o r  (ISPEC=P) should  be 

used t o   i n c r e a s e   t h e   o v e r - a l l  loss l e v e l  when excessive 

losses due t o   t i p   c l e a r a n c e ,   t r a i l i n g  edge th ickness ,  low 

aspec t   ra t i o ,   and  so fo r th ,   a re   expec ted .  

lC00L - A p r e l i m i n a r y   d e s i g n   c a l c u l a t i o n   s h o u l d  be made t o  

determine i f  the   use   o f  a coo lan t  i s  requi red.  The gross 

e f f e c t s   o f  t h e  coo lan t  mass f low  and  the  temperature  o f  

t h e   c o o l a n t   a r e   i n c l u d e d   i n   t h e   a n a l y s i s   t o   i n c r e a s e   t h e  

v a l i d i t y  o f  t h e   s o l u t i o n .  

I M l X  - The s p e c i f i c a t i o n   o f  a mix ing  schedule may be  used 

when the  assumpt ion  o f   to ta l ly   unmixed  s t ream-f i lament  

f low  appears   unrea l   i s t i c .   Exper imenta l   da ta   a re   requ. i red  

i n   t h i s   a r e a .  

ISTRAC - S t reaml ine   ang les   o f   i nc l i na t i on   and   cu rva tu re  

s h o u l d   b e   c a l c u l a t e d   i n t e r n a l l y   t o   r e d u c e   t h e   i n p u t   d a t a  

r e q u i r e m e n t s   u n l e s s   b e t t e r   i n f o r m a t i o n   i s   a v a i l a b l e   o r   s i m -  

p l e   r a d i a l   e q u i l i b r i u m   i s   t o  be considered. 

IDLETE - I n   t h e   i n i t i a l  phases o f  a design, IDLETE=l should 

be used t o   o b t a i n   a s  much i n f o r m a t i o n  as poss ib le .  A s  a 

d e s i g n   i s   r e f i n e d ,  IDLETE=O will u s u a l l y   p r o v i d e   s u f f i c i e n t  

in fo rmat ion .  

IEXTRA - I n   a l m o s t   a l l   c a s e s ,  IEXTRA should  have  the same 

va lue  as IDLETE." 

-1. 
I. 

.L 

J- 

" A d d i t i o n a l   o u t p u t   i s   d e s c r i b e d  i n  t h e   f o l l o w i n g   c h a p t e r .  
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General  Input  Data 

7. NSP00L - The i n i t i a l  phases of a des ign  should  probably  

cons ide r   t he   t u rb ine   as  a u n i t .  However, as   no ted   p rev i -  

ous ly ,  NSP00L=l i s   r e q u i r e d  i f  a number o f   s e t s  o f  a n a l y s i s  

v a r i a b l e s   i s  t o  be i n v e s t i g a t e d .  

8. NLINES - S i n c e   t h e   a c c u r a c y   o f   t h e   c a l c u l a t i o n s   s h o u l d  im-  

prove  as  the number o f  s t r e a m l i n e s   i s   i n c r e a s e d ,  a l a r g e  

number of   streaml ines  should  be  used i f  s u b s t a n t i a l   r a d i a l  

g r a d i e n t s   a r e   s p e c i f i e d   i n   t h e   i n p u t   d a t a   a n d  a smal l  number 

o f  streamlines  should  be  used i f  m in ima l   rad ia l   g rad ien ts  

a r e   s p e c i f i e d .  

9. NLT - Set NLT=l i f  t h e   t u r b i n e   i n l e t   c o n d i t i o n s  do no t   va ry  

w i t h   r a d i u s .  I f  t h e   i n l e t   c o n d i t i o n s   a r e   t h e   o u t p u t   o f  a 

prev ious  run,  NLT shou ld   be   se t   equa l   to  number of  stream- 

l i nes   used   i n   t ha t   ou tpu t .   O the rw ise ,  NLT should  increase 

as   the   magn i tude  o f   the   rad ia l   g rad ien ts   inc reases .  

10. RLT - I f  NLT=1, any  value fo r  RLT will s u f f i c e .  I f  t h e   i n l e t  

c o n d i t i o n s   a r e   t h e   o u t p u t   o f  a prev ious  run,  RLT should  be 

s p e c i f i e d   t o  be   the   s t reaml ine   rad ia l   coord ina tes   (p roceed-  

i n g   f r o m   t h e  hub t o   t h e   c a s i n g )  of  tha t   ou tpu t .   O the rw ise ,  

t h e   f i r s t   v a l u e   o f  RLT should  be  the hub r a d i u s ,   t h e   l a s t  

va lue   shou ld   be   the   cas ing   rad ius ,   and  approx imate ly   even ly  

spaced   va lues   shou ld   be   spec i f i ed   f o r   t he   i n te r i o r   po in ts .  
. 

1 1 .  TPILT, P0LT, BETLT - Design  requi rements  corresponding  to   the 

r a d i a l   p o s i t i o n s  RLT. I t  shou ld   be   no ted   tha t   on ly   the   sub-  

s o n i c   s o l u t i o n   f o r   t h e   v a l u e s  of  BETLT can  be  obtained. 

Spool input   Data 

12. NSTG,  FHP - The  number of  s t a g e s   o f  a spool  should  be  se- 

l e c t e d   o n   t h e   b a s i s  of  mean s t a g e   l o a d i n g   f a c t o r .  A f i r s t  

a p p r o x i m a t i o n   t o   t h e  power s p l i t  among the  stages  should  be 

based  on r o t o r   r o o t   l o a d i n g   f a c t o r s .  

13. CP - T h e   d e s i g n   s t a t i o n   v a l u e s   o f   s p e c i f i c   h e a t   s h o u l d  be 

based  upon  the  s ta t ic   temperatures  obta ined  f rom  the 
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14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

p r e l i m i n a r y   d e s i g n   c a l c u l a t i o n .  These  values  can  be  ref ined 

i f  necessary  on  subsequent  runs. 

XSTAT - The ax ia l   spac ing   be tween  des ign   s ta t ions   shou ld   be  

s e l e c t e d   t o   b e   r e p r e s e n t a t i v e   o f   t h e   a n t i c i p a t e d   f i n a l  de- 

s i g n   s t a n d a r d   i n   t e r m s   o f   a n n u l u s   a n g l e s   o f   i n c l i n a t i o n  

and  curvatures.  

RANN - Hub and   cas ing   rad i i   shou ld   be   se lec ted   t o   i nsu re  

t h a t  : 
a.  The Mach number a t   t h e   i n l e t  and e x i t   o f   t h e   s p o o l  

i s  reasonable. 

b. The hub- t i p   ra t i os   a re   mechan ica l l y   accep tab le .  

c .   I n   c o n j u n c t i o n  w i t h  t h e   v a l u e s   o f  XSTAT, t h a t   t h e  

geometry o f   t h e   a n n u l u s   w a l l s  i s  s a t i s f a c t o r y .  

NSTRAC - The same general comments concern ing  NLT a p p l y   t o  

t h e  number o f   r a d i a l   p o s i t i o n s   a t   w h i c h   s t r e a m l i n e   a n g l e s  

o f   i n c l i n a t i o n   a n d   c u r v a t u r e s   a r e   s p e c i f i e d   a t  each  design 

s t a t i o n .  

RSTRAC - Again , t h e  same genera l  comments concern ing RLT ap- 

p l y   t o  RSTRAC. 

ASTR,  CSTR - The v a l u e s   o f  ASTR and CSTR should  be  set  equal 

t o   z e r o  i f  s i m p l e   r a d i a l   e q u i l i b r i u m   i s   t o  be  considered. 

FLWCN,  T0C - The  amount o f   c o o l a n t  added i n  each  blade row 

a n d   t h e   c o o l a n t   t e m p e r a t u r e   s h o u l d   b e   s p e c i f i e d   w i t h   s u f f i -  

c i e n t   a c c u r a c y   t o   i n s u r e  a v a l i d   a n a l y s i s .  The c o o l a n t  tem- 

pe ra tu re   shou ld  be t h a t   a t   t h e   s o u r c e   o f   t h e   c o o l a n t .  

X M l X  - The v a l u e s   o f  X M l X  f o r  a b lade  row  should  be  set 

equal t o   z e r o  i f  no  mix ing i s  t o  be   cons ide red   o r   equa l   t o  

1 i f  c o m p l e t e   m i x i n g   o f   t h e   a b s o l u t e   t o t a l   p r e s s u r e   a n d  

tempera tu re   i s   des i red .  

NXT - The same genera l  comments concern ing  NLT a p p l y   t o   t h e  

number o f   r a d i a l   p o s i t i o n s   a t   w h i c h   b l a d e   e x i t   c o n d i t i o n s  

are   s .pec i f ied .  

1'. 
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:?22. IWRL - Since it may be d e s i r a b l e   t o   s p e c i f y   b o t h   f l o w   a n g l e  

d i s t r i b u t i o n  a n d   m e r i d i o n a l   v e l o c i t y   g r a d i e n t s   f o r   t h e   v a r i -  

ous s t a t o r s   o f  a spoo l ,   t he   f o rmer   i nd i ca to r  IWRL has  been 

made an a n a l y s i s   v a r i a b l e .  The a n a l v s i s   v a r i a b l e  lS0NlC  

o f  Program TD thus becomes redundant  and has  been deleted. 

9:23. RNXT - The same general  comments concern ing  RLT a p p l y   t o  

RNXT. 

“24. VUM - S t a t o r   e x i t   t a n g e n t i a l   v e l o c i t y   a t   t h e  mean stream- 

l i n e   s h o u l d  be chosen on the   bas i s   o f   des i red   s tage  mean 

r e a c t i o n   f o r   e a c h   s t a t o r   i n   w h i c h   t h e   o p t i o n   o f   s p e c i f y i n g  

g r a d i e n t s   o f   m e r i d i o n a l   v e l o c i t y  i s  exercised. I t  should 

be o m i t t e d   f o r   s t a g e s   i n   w h i c h   f l o w   a n g l e   d i s t r i b u t i o n s  

are   supp l  i ed. 

9:25. DVMDR - Note   tha t   the  second  index  assoc iated  wi th   the me- 

r i d i o n a l   v e l o c i t y   g r a d i e n t   i s   t h e   b l a d e  row index,   as  wi th  

Y$SS. A f ree-vor tex  des ign  can,   o f   course,  be ob ta ined  by 

s imp ly   spec i f y ing  DVMDR=O. A l t h o u g h   r a d i i   a r e   i n p u t   i n  

inches,   there i s  no  advantage i n   t h i s   a p p r o a c h   w i t h  DVMDR. 

Thus, DVMDR=1200 imp1 i es an   inc rease  o f  100 f p s  i n \I, f o r  

each inch   i nc rease   i n   rad ius .  

26. WRL - S p e c i f i c a t i o n   o f   t h e   r a d i a l   d i s t r i b u t i o n   o f   f l o w   a n g l e  

i s  recommended f o r   f i n a l   d e s i g n   a n a l y s e s ,   s i n c e   t h e   r e s u l t i n g  

blade  designs will be  more eas i ly   manufactured  than  those 

based  on a r b i t r a r y   m e r i d . i o n a 1   v e l o c i t y   d i s t r i b u t i o n s .  

%!7. lP0F - The o p t i o n   o f   r a d i a l l y   c o n s t a n t   w o r k   o u t p u t  (IP0F=O) 

has  been r e t a i n e d   f o r   c o m p a t i b i l i t y ,   a s   w i t h  IWRL=l o r  2. 

When IPPIF=l, the  program  ca lcu lates  the  rad ia l   work  output  

d i s t r i b u t i o n   w h i c h   y i e l d s   t h e   d e s i r e d   s t a g e   e x i t   m e r i d i o n a l  

v e l o c i t y   d i s t r i b u t i o n .  

28. YBSS - For   the   p re l im inary   assessment   o f  a des ign   o r   the  

assessment of  l o s s   l e v e l   v a r i a t i o n s ,  a c o n s t a n t   v a l u e   f o r  a 

b l a d e   e x i t  i s  recommended. Otherwise, t e s t  data  should be 

used t o   o b t a i n   t h e   l o s s   p a r a m e t e r   v a r i a t i o n .  
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29. RSXT - The same general comments concern ing  RLT a p p l y   t o  

RSXT. No te   t ha t  RSXT must  be s p e c i f i e d  whenever r o t o r   e x i t  

meridional v e l o c i t y   g r a d i e n t s ,   t o t a l - p r e s s u r e - l o s s   c o e f f i -  

c i e n t s ,   o r   a d d i t i o n a l  loss f a c t o r s   a r e   s p e c i f i e d .  

30. YCBN - The co r re la t i on   deve loped   i n   Re fe rence  1 r e l a t e s   t h e  

t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  for any  element o f   b l a d i n g  

t o   i t s   i n l e t  and e x i t   r e l a t i v e   f l o w   a n g l e s  and i t s   r e a c t i o n  

d e f i n e d   a s   t h e   r a t i o  o f  i n l e t - t o - e x i t   v e l o c i t y  (V+,/v; ). 
The n i n e   c o e f f i c i e n t s  a ,  t o  U g  are  used i n   t h e   f o l l o w i n g  

c o r r e l a t i o n :  

where fL i s   t h e   a d d i t i o n a l   l o s s   f a c t o r .   I n   t h e  absence o f  

t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t   d a t a   w h i c h   c o u l d  be con- 

s ide red  more r e l e v a n t   t o  a p a r t i c u l a r   d e s i g n   a n a l y s i s ,  it 

i s  recommended t h a t   t h e   f o l l o w i n g   v a l u e s   o f   t h e   n i n e   c o e f f i -  

c i e n t s   s h o u l d  be used: 

at = 0.055 

Q z  = 0.15 

Q3 = 0 . 6  

Qq = 0 . 6  

Clq = 0 .8  
Q L  = 0.03  

= 0.157255 

Gtg = 3 . 6  
q1 = 1.0 
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DESCRIPTION OF NORMAL  OUTPUT 

The  output   o f   Program TD2 c o n s i s t s   e n t i r e l y   o f   p r i n t e d   d a t a .  

Reference  to   the   sec t ion   con ta in ing   the   computer   ou tpu t   f rom  the   sample  

case w i  1 1  show t h a t   a l l   t h e   q u a n t i t i e s  1 i s t e d   a r e   f u l l y   d e s c r i b e d .   T h e  

in fo rma t ion   i nc luded   i n   t he   no rma l   ou tpu t   can  be d i v i d e d   i n t o   t h e  fo l low- 

i n g   c a t e g o r i e s :  

1. General  input  data. 

2. Spool  input  data. 

3. Values of   se lected  f low  and  per formance  parameters  obta ined 

f r o m   e a c h   p a s s   t h r o u g h   t h e   i t e r a t i o n   l o o p   t o   s a t i s f y   c o n t i -  

n u i t y   a t  a d e s i g n   s t a t i o n  ( i f  IEXTRA=l). 

4. Tabu la ted   s t reaml ine   va lues  of f l ow  and  performance  parame- 

t e r s   w h i c h   s a t i s f y   c o n t i n u i t y   o b t a i n e d   f r o m   e a c h   p a s s   t h r o u g h  

t h e   i t e r a t i o n   l o o p   o n   s t r e a m l i n e   p o s i t i o n   a t  a des ign   s ta -  

t i o n  ( i f  IDLETE=I). 

5. Tabu la ted   s t reaml ine   va lues   o f   t he   f l ow   pa ramete rs   ob ta ined  

from  the  converged  pass a t  a d e s i g n   s t a t i o n .  

6. Tabu la ted   s t reaml ine   va lues   o f   the   mixed  and/or   coo led   f low 

parameters   fo r  a b lade row ( i f  IMIX=l o r  IC!J0L=2). 

7. Tabu la ted   s t reaml ine   va lues   o f   the   per fo rmance  parameters   o f  

t h e   s t a t o r   a n d   r o t o r   b l a d e  rows. 

8. Mass averaged  performance  parameters  for a stage. 

9. Tabu la ted  mass averaged  performance  parameters  for   each 

s t a g e   o f  a spool ( i f  NSTG 7 1 ) .  

10.  Mass averaged  performance  parameters  for  a spool. 

1 1 .  Mass averaged  per formance  parameters  for   the  turb ine ( i f  

NSP00L > 1 ) .  

A d e s c r i p t i o n   o f   t h e   i t e m s   i n   e a c h   c a t e g o r y   i s   g i v e n   b e l o w .  

The  normal  output  of a t yp i ca l   case   beg ins   w i th   t he   s ta temen t  

descr ib ing   the   case,   immedia te ly   fo l lowed  by   the   i tems i n  category  1 - 
general   input  data.  ( I f  t h e r e   i s  more   than  one  se t   o f   ana lys is   var iab les ,  

t he   ou tpu t  for  e a c h   s e t   o f   a n a l y s i s   v a r i a b l e s   i s   t r e a t e d   a s  if i t  were a 

new case.)   The  general   input  data  consists of :  
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I 

1. 

2. 

3. 
4. 

5. 
6 .  

Number of  spools. 

Number o f   s e t s  of  a n a l y s i s   v a r i a b l e s  ( 

Number o f   s t r e a m l i n e s .  

Gas cons tan t ,  lb,? f t  per  lbm  deg R. 

i f  NSP00L=l). 

Mass f l o w   a t   t h e   t u r b i n e   i n l e t ,  lbm  per sec. 

Tabu la ted   va lues   o f   abso lu te   t o ta l   t empera tu re ,  deg R ,  abso- 

l u t e   t o t a l   p r e s s u r e ,   p s i ,   a n d   a b s o l u t e  f low angle, deg, ve r -  

sus r a d i a l   p o s i t i o n ,   i n ,   a t   t h e   t u r b i n e   i n l e t .  

The  normal  output of a t y p i c a l   c a s e   c o n t i n u e s   w i t h   t h e   i t e m s   i n  

ca tegory  2 - 
1. 

2. 

3.  
4. 

5 .  

6. 

7. 

8. 

9. 

10. 

1 1 .  

spool   input   data.   The  spool   input   data  cons is ts   o f :  

Rota t i ve  speed, rpm. 

Power ou tpu t ,  hp. 

Number o f   s tages .  

Tabu la ted  power o u t p u t   s p l i t  among the   s tages   o f   the   spoo l ,  

exp ressed   as   f rac t i ons  o f  t he  power ou tpu t   o f   the   spoo l .  

T a b u l a t e d   d e s i g n   s t a t i o n   v a l u e s   o f   t h e   s p e c i f i c   h e a t   a t   c o n -  

s tan t   p ressure ,   B tu   per  lbm  deg R. 

T a b u l a t e d   s t a t i o n   v a l u e s   o f   a x i a l   p o s i t i o n ,   i n ,  hub rad ius ,  

i n ,   a n d   c a s i n g   r a d i u s ,   i n  ( i f  ISTRAC=O). 

T a b u l a t e d   d e s i g n   s t a t i o n   v a l u e s   o f  hub rad ius ,   in ,   and  cas ing  

r a d i u s ,   i n  ( i f  lSTRAC=l). 

Tabu la ted   va lues  o f  s t r e a m l i n e   a n g l e   o f   i n c l i n a t i o n ,  deg, 

a n d   c u r v a t u r e ,   p e r   i n ,   v e r s u s   r a d i a l   p o s i t i o n ,   i n ,   a t  each 

d e s i g n   s t a t i o n   o f   t h e   s p o o l  ( i f  ISTRAC=l). 

Tabu la ted   b lade row  va lues   o f   coo lan t  mass f low,  expressed 

a s   f r a c t i o n s   o f   t h e  mass f l o w   a t   t h e   t u r b i n e   i n l e t  ( i f  

IC0BL=l o r  2) and   coo lan t   t o ta l   t empera tu re ,  deg R ( i f  

I C00L=2) . 
T a b u l a t e d   s t r e a m l i n e   v a l u e s   o f   t h e   m i x i n g   c o e f f i c i e n t   f o r  

each  blade row o f   t he   spoo l  ( i f  IMIX=l). 

T a b u l a t e d   v a l u e s   o f   t h e   e x i t   c o n d i t i o n s   f o r   e a c h   b l a d e  row 

o f   t h e   s p o o l .   F o r   s t a t o r s ,  one e x i t   c o n d i t i o n   c o n s i s t s   o f  

v a l u e s   o f   e i t h e r   m e r i d i o n a l   v e l o c i t y   g r a d i e n t ,   p e r   s e c ,   a n d  

m e a n l i n e   w h i r l   v e l o c i t y ,   f p s  ( i f  IWRL=O) o r   f l ow   ang le ,  
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deg ( i f  IWRL=l or 2) v e r s u s   r a d i a l   p o s i t i o n ,   i n .   F o r   r o t o r s ,  

t h e   c o r r e s p o n d i n g   e x i t   c o n d i t i o n   i s   e i t h e r  a cho ice  of r a -  

d i a l l y   c o n s t a n t  work o u t p u t  ( i f  IPBF=O) or va lues of  t h e  

m e r i d i o n a l   v e l o c i t y   g r a d i e n t   v e r s u s   r a d i u s .  I f  ISPEC=l ,  

t h e r e   a r e   n o   o t h e r   e x i t   c o n d i t i o n s .  However, i f  ISPEC=O 
o r  2, t h e   o t h e r   e x i t   c o n d i t i o n   f o r   b o t h   s t a t o r s   a n d   r o t o r s  

i s   v a l u e s  of e i t h e r   t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  or ad- 

d i t i o n a l  loss f a c t o r , ,   r e s p e c t i v e l y ,   v e r s u s   r a d i a l   p o s i t i o n ,  

i n .  

12. I f  t h e   t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t s   a r e   i n t e r n a l l y  com- 

pu ted  ( I S P E C = l  o r  2) t h e   l o s s   c o r r e l a t i o n   i s   d e f i n e d   w i t h  

t h e   i n p u t   v a l u e s   o f   t h e   n i n e   c o r r e l a t i o n   c o e f f i c i e n t s   a p -  

p r o p r i a t e l y   i n s e r t e d .  

The r e s u l t s   o f   t h e   s p o o l   c a l c u l a t i o n s   a p p e a r   n e x t   i n   t h e   n o r m a l  

o u t p u t   f o r  a t y p i c a l   c a s e ,   b e g i n n i n g   w i t h   t h e   f i r s t   d e s i g n   s t a t i o n   o f   t h e  

spool. ( I f  t h e   s p o o l   i s   n o t   t h e   f i r s t   s p o o l   o f   t h e   t u r b i n e ,   t h e   r e s u l t s  

shown f o r   t h e   f i r s t   d e s i g n   s t a t i o n   a r e   t a k e n   f r o m   t h e   c o n v e r g e d   r e s u l t s  

a t   t h e   e x i t   o f   t h e   p r e v i o u s   s p o o l . )  I f  IDLETE=l, r e s u l t s   a r e  shown f o r  

each   pass   t h rough   the   i t e ra t i on   l oop   on   s t reaml ine   pos i t i on  whereas i f  

IDLETE=O, r e s u l t s   a r e  shown f o r   o n l y   t h e   c o n v e r g e d   v a l u e s   o f   s t r e a m l i n e  

p o s i t i o n .   I n   e i t h e r   c a s e ,  i f  IEXTRA=l, t h e   r e s u l t s   b e g i n   w i t h   t h e   ' i t e m s  

i n   c a t e g o r y  3 - selected  f low  and  performance  parameters - f o r  each  pass 

t h r o u g h   t h e   i t e r a t i o n   l o o p   t o   s a t i s f y   c o n t i n u i t y .  The se lec ted   f l ow   and  

performance  parameters  consist   of :  

1. M e r i d i o n a l   v e l o c i t y   a t   t h e  mean s t reaml ine ,   fps .  

2. C a l c u l a t e d   v a l u e   o f   t h e  mass f low, lbm  per sec. 

3. T a b u l a t e d   s t r e a m l i n e   v a l u e s   o f   m e r i d i o n a l   v e l o c i t y ,   f p s ,  

t a n g e n t i a l   v e l o c i t y   f p s ,   a b s o l u t e   t o t a l   p r e s s u r e ,   p s i ,  

and, i f  t h e   d e s i g n   s t a t i o n   i s  a b lade   row   ex i t   and  ISPEC=l 

o r  2, p r e s s u r e - l o s s   c o e f f i c i e n t .  

The  items i n   c a t e g o r y  4 - f low  and  performance  parameters  which 

s a t i s f y   c o n t i n u i t y  - comple te   the   ou tpu t  for  each  pass   th rough  the   i te ra -  

t i o n   l o o p  on s t reaml ine   pos i t ion .   These f low and  performance  parameters 

c o n s i s t  o f :  
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1. 

2. 

3 .  

Tabu la ted   s t reaml ine   va lues  o f  r a d i a l   p o s i t i o n ,   i n ,  mass 

f l ow   func t i on ,   l bm  pe r  sec, m e r i d i o n a l   v e l o c i t y ,   f p s ,   a x i a l  

v e l o c i t y ,   f p s ,   t a n g e n t i a l   v e l o c i t y ,   f p s ,   a b s o l u t e   v e l o c i t y ,  

f ps ,   abso lu te  Mach number, abso lu te   t o ta l   p ressu re ,   ps i ,   ab -  

s o l u t e   t o t a l   t e m p e r a t u r e ,  deg R, abso lu te   f l ow   ang le ,  deg, 

s ta t i c   p ressu re ,   ps i ,   and   s ta t i c   t empera tu re ,   deg  R, fo r  

t h e   d e s i g n   s t a t i o n .  

Tabu la ted   s t reaml ine   va lues  of  s t r e a m l i n e   a n g l e   o f   i n c l i n a -  

t i o n ,  deg,  and  curvature,   per  in,  i f  t h e   d e s i g n   s t a t i o n   i s  

t h e   t u r b i n e   i n l e t .  

Tabu la ted   s t reaml ine   va lues  o f  p r e s s u r e - l o s s   c o e f f i c i e n t ,  

b lade row e f f i c i e n c y ,   b l a d e   v e l o c i t y ,   f p s ,   r e l a t i v e   v e l o c i t y ,  

f p s ,   r e l a t i v e  Mach number, r e l a t i v e   t o t a l   p r e s s u r e ,   p s i ,  

r e l a t i v e   t o t a l   t e m p e r a t u r e ,  deg R ,  and r e l a t i v e  f low angle, 

deg, i f  t h e   d e s i g n   s t a t i o n   i s  a b lade row e x i t .  

The  items i n   c a t e g o r y  5 - f low  parameters - comple te   the   ou tpu t  

of  the  converged  pass a t  a d e s i g n   s t a t i o n .  These f l ow   pa ramete rs   cons i s t  

of the  same items  as i n   c a t e g o r y  4 w i t h   t h e   e x c e p t i o n   t h a t   s t r e a m l i n e   a n g l e  

o f   i n c l i n a t i o n ,  deg, and   cu rva tu re ,   pe r   i n ,   rep lace   p ressu re - loss   coe f f i -  

c i en t   and   b lade  row e f f i c i e n c y   i n   i t e m  3. 
I f  e i t he r   IM IX= l  or IC00L=2, t he   i t ems   i n   ca tegory  6 - mixed  and/ 

or cooled  f low  parameters - f o l l o w   t h e   o u t p u t   o f   e a c h   d e s i g n   s t a t i o n   e x c e p t  

t he   spoo l   ex i t .  The  mixed  and/or   cooled  f low  parameters  cons is t   o f :  

1 .  Tabu la ted   s t reaml ine   va lues  of  mixed  and/or  cooled  absolute 

t o t a l   p r e s s u r e ,   p s i ,   a n d   a b s o l u t e   t o t a l   t e m p e r a t u r e ,  deg R ,  

i n the   .b lade row. 

2. Tabu la ted   s t reaml ine   va lues   o f   m ixed   and /o r   coo led   re la t i ve  

t o t a l   p r e s s u r e ,   p s i ,   a n d   r e l a t i v e   t o t a l   t e m p e r a t u r e ,  deg R, 

i f  t h e   b l a d e   r o w   i s  a s t a t o r .  

I f  t h e   d e s i g n   s t a t i o n   i s  a s t a g e   e x i t ,   t h e   d e s i g n   s t a t i o n   o u t p u t  

of a t y p i c a l   c a s e   c o n t i n u e s   w i t h   t h e   i t e m s   i n   c a t e g o r y  7 - s tage   pe r fo r -  

mance parameters.  The  stage  performance  parameters  consist of  tabu la ted  

s t r e a m l i n e   v a l u e s   o f :   s t a t o r   r e a c t i o n ,   r o t o r   r e a c t i o n ,   s t a t o r   p r e s s u r e -  

l o s s   c o e f f i c i e n t ,   r o t o r   p r e s s u r e - l o s s   c o e f f i c i e n t ,   s t a t o r   b l a d e  row 
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e f f i c i e n c y ,   r o t o r   b l a d e   r o w   e f f i c i e n c y ,  rotor i s e n t r o p i c   e f f i c i e n c y ,   a n d  

s t a g e   i s e n t r o p i c   e f f i c i e n c y .  

The  s tage  per fo rmance  ou tpu t   con t inues   w i th   the   i tems  in   ca te-  

gory 8 - mass averaged  stage  performance  parameters.  The mass averaged 

per formance  parameters  cons is t  o f :  

1. S t a t o r   b l a d e   r o w   e f f i c i e n c y .  

2. Ro to r   b lade   row   e f f i c i ency .  

3. Stage  work  output,   Btu  per lbm. 

4. Stage t o t a l   e f f i c i e n c y .  

5. Stage s t a t i c   e f f i c i e n c y .  

6. S tage   b lade - to - j e t   speed   ra t i o .  

I f  t h e   d e s i g n   s t a t i o n   i s   t h e   s p o o l   e x i t ,   t h e   n o r m a l   o u t p u t  of a 

typ ica l   case  con t inues   w i th   spoo l   per fo rmance summary. I f  the  spool  has 

more  than  one  stage,  the  spool  performance summary beg ins   w i th   t he   i t ems  

i n   c a t e g o r y  9 - tabu la ted   s tage  va lues  o f  the  mass averaged  performance 

parameters.   These  tabulated  va lues  cons is t   o f   the same items  as i n   c a t e -  

gory 8. 
The  spool  performance summary c o n t i n u e s   w i t h   t h e   i t e m s   i n   c a t e -  

gory 10 - mass averaged  spool  performance  parameters.  These mass averaged 

per formance  parameters  cons is t  o f :  

1 .  Spool   work  output,   Btu  per lbm. 

2. Spool  power  output, hp. 

3.  Spool t o t a l - t o - t o t a l   p r e s s u r e   r a t i o .  

4. s p o o l   t o t a l - t o - s t a t i c   p r e s s u r e   r a t i o .  

5. Spool t o t a l   e f f i c i e n c y .  

6. Spool s t a t i c   e f f i c i e n c y .  

7. Spool b l a d e - t o - j e t  speed r a t i o .  

I f  t h e   d e s i g n   s t a t i o n   i s   t h e   t u r b i n e   e x i t   a n d   t h e r e   i s  more than 

one spoo l ,   the   normal   ou tpu t   o f  a t yp i ca l   case   conc ludes   w i th   t he   i t ems   i n  

ca tegory  1 1  - mass averaged  turbine  performance  parameters.  These mass 

averaged  per formance  parameters  cons is t   o f :  

1 .  Over -a l l   work   ou tpu t ,   B tu   per  lbm. 

2. O v e r - a l l   t o t a l - t o - t o t a l   p r e s s u r e   r a t i o .  

3. Over-a1 1 t o t a l - t o - s t a t i c   p r e s s u r e   r a t i o .  
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4. Over-all  total  efficiency. 
5. Over-all  static  efficiency. 
6. Over-all  blade-to-jet  speed ratio. 
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ERROR MESSAGES 

I n   a d d i t i o n   t o   t h e   n o r m a l   o u t p u t ,   v a r i o u s  messages may appear 

i n   t h e   o u t p u t .  These  messages occur  when d i f f i c u l t y  has  been  encountered 

i n   t h e   c a l c u l a t i o n .  Each of t h e   f o u r  messages a r e   c o n s i d e r e d   i n   t u r n .  

A l l  a r e   o u t p u t s  from the  main  program. 

I n   a l l  cases, some ou tpu t   da ta  will be  p rov ided wi th  t h e  message. 

Th is   ou tpu t   can  be  used  as a b a s i s   f o r   t h e   m o d i f i c a t i o n  of  the   i npu t   spec i -  

f i c a t i o n s .   I n   g e n e r a l ,   e r r o r s   i n   i n p u t   d a t a  will be  immediately  obvious 

i f  a p r e l i m i n a r y   d e s i g n   c a l c u l a t i o n  has been  per fo rmed  be fore   the   inpu t  

was prepared. 

1. CALCULATIBN ABANDBNED ON PASS BECAUSE OF INSTABILITY 

IN MEANLINE MERlDlBNAL VELBCITY  ITERATION DUE TB CHBKED 

CBND IT  IONS - 
As t h e   p r o g r a m   a t t e m p t s   t o   f i n d  a m e a n l i n e   m e r i d i o n a l   v e l o c i t y  

which will s a t i s f y   t h e   s p e c i f i e d  mass f low r e q u i r e m e n t ,   t h e   v a r i a t i o n   o f  

mass f l o w   w i t h   m e a n l i n e   v e l o c i t y  i s  assessed  by  Subroutine VMSUB2. I f  

t h e   s l o p e   o f   t h e  f l ow  v e r s u s   v e l o c i t y   c h a r a c t e r i s t i c  changes s i g n  more 

than   f ou r   t imes   t he   ca l cu la t i ons   a re   abo r ted .   Norma l l y ,   t he   reason   fo r  

t h e s e   s i g n   c h a n g e s   i s   t h a t   t h e   s p e c i f i e d  mass f low exceeds  the  choked 

va lue .   Fo l l ow ing   t he  message, c o n d i t i o n s   f r o m   t h e   f i n a l   p a s s   t h r o u g h   t h e  

c o n t i n u i t y   l o o p   a r e   p r i n t e d .  

Choking will occur  whenever  the mass averaged f low parameter, 

def ined  as W&/eA , exceeds  the c r i t i c a l   v a l u e .   T h e r e   a r e   t h e r e -  

fo re   f ou r   poss ib le   remed ies ,   l i s ted   he re   i n   o rde r   o f   dec reas ing   impor tance .  

a. I n c r e a s e   t h e   a v a i l a b l e  f low a rea ,   by   mod i f y ing   e i t he r  

( 1 )  the  annulus  d imensions 

o r  (2)  the  average  f low  angle.  

b. I n c r e a s e   t h e   d e s i g n   s t a t i o n   t o t a l   p r e s s u r e   b y   i m p r o v i n g   t h e  

e f f i c i e n c y   l e v e l   o f   t h e  r o w  o r   reduc ing   ro to r   work   ou tpu t .  

c.  Reduce t h e   s p e c i f i e d   i n l e t  mass f l ow   and /o r   t he   coo lan t  

f l ows   en te r ing   ups t ream  o f   t he   choked  row. 

d. Reduce the   t o ta l   t empera tu re .  
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2. ITERATIBN F0R THE MERlDlgNAL VELBCITY AT THE MEAN STREAM- 

LINE HAS N0T CBNVERGED WHEN IL00P= - 
A limit o f   t h i r t y - f i v e   i t e r a t i o n s   i s   p l a c e d  on t h e   c o n t i n u i t y  

loop  by  step 47 in   t he   ca l cu la t i on   p rocedure   (Append ix  I l l ) .  I f  t h e  mass 

f l o w  has n o t   c o n v e r g e d   t o   t h e   r e q u i r e d   v a l u e   w i t h i n   t h e   p r e s e t   t o l e r a n c e ,  

t h e   r e s u l t s   f r o m   t h e   t h i r t y - f i f t h   l o o p   a r e   p r i n t e d   a n d   t h e   c a s e   i s   a b o r t e d .  

The  convergence  procedure i s  such  tha t  i f  any   des ign   s ta t ion  has not  con- 

v e r g e d   w i t h i n   t h i r t y - f i v e   l o o p s ,   t h e   p r o b a b i l i t y   o f   t h e   d e s i g n   b e i n g   a e r o -  

d y n a m i c a l l y   a c c e p t a b l e   i s  remote. 

Since message 1 will normal ly   appear   in   such a case, f u l l   o u t -  

p u t  will be  necessary to   de te rm ine  why convergence has f a i l e d   w i t h o u t   c h o k -  

i ng   be ing   i nd i ca ted .   Remed ia l   ac t i on   shou ld  be based  on  the  resul ts   o f  

t h i s   a n a l y s i s ;   i n   p a r t i c u l a r ,   t h e   f l o w  and v e l o c i t y   t o l e r a n c e s ,  TBLFLW 

and TdLVM, should be reviewed. 

3. EQUATIBNS ARE SINGULAR WHEN VMM= , I L00P= , AND 

ILL00P= . 
T h i s  message ( c o n t r o l l e d  by Subrout ine  SIMEQ) i n d i c a t e s   t h a t  

r a d i a l   e q u i l i b r i u m   c o u l d   n o t  be e s t a b l i s h e d   a t  some r a d i a l   p o s i t i o n   w i t h i n  

the  annulus,   because  the  four  s imultaneous  equat ions  which  must  be  solved 

f o r   t h e   g r a d i e n t s   o f   t h e   p r i n c i p a l  unknowns are  not  independent.  Ap- 

pearance of  t h i s  message i s   h igh l y   improbab le ,   s ince   such  an i n t e r d e -  

pendence  would be  a numer ica l   co inc idence.   Resul ts   f rom  the  loop  in  

wh ich   t he   e r ro r  was de tec ted   a re   p r in ted ,   and  the   remainder  of  the  case 

i s  aborted. 

4. ITERATIBN F0R STREAMLINE P@SITI@NS, PRESSURE-L0SS CBEFFI- 

CIENTS, @R STAGE WBRK OUTPUT HAS N0T CBNVERGED. 

The  number o f   loops  on s t reaml ine   pos i t i on ,   s t reaml ine   va lues  

o f   t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t ,   a n d   s t r e a m l i n e   v a l u e s   o f   t o t a l  tem- 

p e r a t u r e   d r o p   i s   l i m i t e d   t o   t w e n t y - f i v e .  I f  any  one o f   t h e s e   q u a n t i t i e s  

has n o t   c o n v e r g e d   t o   w i t h i n   t h e   p r e s e t   t o l e r a n c e  by t h i s  pass ,   the   resu l ts  

a r e   p r i n t e d .  The program  is,   however,   a l lowed  to  proceed to the  next  

d e s i g n   s t a t i o n  i f  one ex is ts .   For   des igns   in   wh ich   the   mer id iona l   ve-  

l o c i t y   d i s t r i b u t i o n s   a r e   n o t   e x t r e m e ,  it i s   e x t r e m e l y   u n l i k e l y   t h a t   t h e  

s t r e a m l i n e   p o s i t i o n s  will f a i l   t o  converge.   Moreover ,   the   loss   coe f f i c ien t  

45 



and  power o u t p u t   i t e r a t i o n s  h a v e   c o n v e r g e d   r a p i d l y   i n   a l l   c a s e s   i n v e s t i -  

gated so f a r .  However, t h e   e r r o r  message i s   p r o v i d e d   t o   g u a r d   a g a i n s t   t h e  

p o s s i b i l i t y   t h a t  one o r  more o f   t h e s e   q u a n t i t i e s   a r e   o s c i l l a t i n g   a b o u t   t h e  

converged  va lue   bu t   jus t   ou ts ide   the   to le rance.  

I t  i s   p o s s i b l e   t h a t   t h e   s t r e a m l i n e   p o s i t i o n   i t e r a t i o n  may f a i l  

to   converge when the   secondary   op t ion   o f   cons tan t   work   ou tpu t   a t  a r o t o r  

e x i t   i s  chosen. When th is   occurs ,   the   case  shou ld  be rerun  employ ing  the 

p r i m a r y   o p t i o n   o f   s p e c i f y i n g   r a d i a l   g r a d i e n t s   o f   m e r i d i o n a l   v e l o c i t y .  

The loss   i t e ra t i on   conve rgence   behav io r  i s  dependent on b o t h  

t h e   s p e c i f i c   c o r r e l a t i o n   c h o s e n   a n d   t h e  damping f a c t o r  employed  by  Sub- 

r o u t i n e  LPISCPIR. The v a l u e s   o f   t h e   i n p u t   c o n s t a n t s   t o   t h e   c o r r e l a t i o n  

shou ld   acco rd ing l y  be checked, p a r t i c u l a r l y   f o r   c o n t i n u i t y   a t   t h e  change 

p o i n t   o f   t h e   r e a c t i o n  term.  The  damping f a c t o r  (FY) i s   c u r r e n t l y   s e t   a t  

zero;   h igher   va lues will, of course,  slow  the  convergence  and  should  there- 

f o r e  be used  only  as needed. 
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MISCELLANEOUS  OPERATJONAL  INFORMATION 

Program TD2 requ i res   app rox ima te l y  16,000 s t o r a g e   l o c a t i o n s   f o r  

execut ion  on a CDC 6600 computer  system. O f  t h i s   t o t a l ,   a p p r o x i m a t e l y  

4000 l o c a t i o n s   a r e   r e s e r v e d   f o r   t h e   o p e r a t i n g   s y s t e m   a n d   l i b r a r y   s u b r o u -  

t i nes .  An a d d i t i o n a l  4000 loca t i ons   a re   used   du r ing   p rog ram  l oad ing .  

Typ ica l   runn ing   t ime   fo r   t he   p rog ram  us ing   t he  CDC 6600 system 

i s  4 seconds p e r   s i n g l e   s t a g e ,   i n c l u d i n g   i n p u t - o u t p u t   o p e r a t i o n s .  I f  

f u l l   o u t p u t   i s   o b t a i n e d   f o r   t h e   c a s e ,   t h e   r u n n i n g   t i m e   i n c r e a s e s   t o   a b o u t  

5 seconds.  Using  an I B M  7044/94 d i rec t l y   coup led   sys tem,   t he   runn ing  

t i m e   f o r  a m u l t i s t a g e   a n a l y s i s   w i t h   s t a n d a r d   o u t p u t   i s   a p p r o x i m a t e l y  9 
seconds pe r   s tage .   These   f i gu res   can   va ry   i n   e i t he r   d i rec t i on  by a fac-  

t o r   o f  two o r   t h ree ,   depend ing   on   t he   t o ta l  number o f   s tages   invo lved  and 

t h e  ease w i t h  wh ich   t he   so lu t i ons   a re   ob ta ined .  

Adop t ion   o f   t he   s imu l taneous   Runge-Ku t ta   i n teg ra t i on   appears   t o  

have e l i m i n a t e d   t h e   o c c a s i o n a l   i n a c c u r a c i e s   i n   s t a t i c   p r e s s u r e   d i s t r i b u -  

t ions   p roduced  by   the   p r io r   p rogram.   For  a r e l a t i v e l y   c o n v e n t i o n a l  de- 

s i g n   a t  a modera te   va lue   o f   hub - to - t i p   rad ius   ra t i o ,   su f f i c i en t   accu racy  

can  be   ob ta ined  w i th   as   few  as   f i ve   s t reaml ines .  However, a nine  stream- 

l i n e   a n a l y s i s  i s  g e n e r a l l y  recommended. I f  the   accu racy   o f   t he   so lu t i on  

i s   i n   q u e s t i o n   a t  any  t ime i t  i s  suggested  that  a l a r g e r  number o f  stream- 

1 i nes  be s p e c i f i e d   t o   c h e c k   o v e r - a 1  1 accuracy. 

The  convergence  p rocedures   fo r   sa t is fy ing   the   des ign  mass f l o w  

and   the   l oca t i on  o f  t h e   s t r e a m l i n e s   t o   d e f i n e   s t r e a m   f i l a m e n t s   o f   e q u a l  

f low  have  been  found  to   be  adequate  wi th   the maximum number o f   loops  

spec i f i ed   w i th in   t he   p rog ram.  The  power o u t p u t   a n d   l o s s   c o r r e l a t i o n  

i t e r a t i o n s ,   w h i c h   a r e  made s i m u l t a n e o u s l y   w i t h   s t r e a m l i n e   p o s i t i o n  i t -  

e r a t i o n ,  do not  appear t o  a f f e c t   t h e   c o n v e r g e n c e   o f   t h e   l a t t e r .  
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I n t r o d u c t i o n  

The 

SAMPLE  CASE 

selected  example t o  i l l u s t r a t e   t h e   u s e   o f   t h e   p r o g r a m   i s  fo r  

a two-spool   des ign  requi rement   which  could  not   be  completed  us ing  the 

o r i g i n a l   v e r s i o n   o f   t h e  program.  The  design  has  two hp stages  and f i v e  

l p  stages.  The  second  sample  case o f   Reference 2 i s  a d e s i g n   a n a l y s i s   f o r  

t h e  hp spool  and  the f i r s t   t h r e e   s t a g e s  of  t h e ' l p   s h a f t ;   a t   t h i s   s t a g e   i n  

t h e   o r i g i n a l   d e s i g n   a n a l y s i s   t h e   r a d i a l   v a r i a t i o n  of  a x i a l   v e l o c i t y  had  de- 

genera ted   to  a p o i n t   t h a t   e x c l u d e d  a converged   so lu t i on  for t h e   f l o w   f i e l d  

a t  subsequen t   des ign   s ta t i ons .   Va r ious   a t tempts   t o   use   t he   o r i g ina l  de- 

s i g n   a n a l y s i s   v a r i a b l e   t o   o b t a i n  a comp le te   des ign   f o r   t he   en t i re   l p   spoo l  

p r o v e d   u n s u c c e s s f u l .   T h e   f a i l u r e   o f   t h e   o r i g i n a l   p r o g r a m  t o  c o m p l e t e   t h i s  

and   s im i la r   des igns   l ed   t o   t he   rev i s ion   o f   t he   ana lys i s   p rocedure .   Thus ,  

t h e  sample  case i n   a d d i t i o n  t o  i l l u s t r a t i n g   t h e   i n p u t   a n d   o u t p u t   o f   t h e  

new program,  serves t o   j u s t i f y   t h e  changes i n   t h e   d e s i g n   a n a l y s i s   v a r i -  

ab les .   Input   da ta   sheets   and  the   computer   p r in tou t   fo r   the  sample  case 

a r e   g i v e n   i n   A p p e n d i x  I ;  a s t a g e - b y - s t a g e   t a b u l a t i o n   o f   t h e   s p e c i f i e d  de- 

s i g n   r e q u i r e m e n t   f o r m s   t h e   i n i t i a l   p o r t i o n   o f   t h i s   p r i n t o u t .  

D iscuss ion   o f   t he  Sample  Case 

The ac tua l   des ign   requ i remen ts ,   t he   se lec t i on   o f   t he   annu lus  

geometry,  and  the  power  output s p l i t  b e t w e e n   s t a g e s   a r e   o f   r e l a t i v e l y  

l i t t l e  importance i n   t h e   c o n t e x t   o f  a d e m o n s t r a t i o n   o f   t h e   c a p a b i l i t i e s  

o f  the  computer   program.  S imi lar ly ,   the  predic ted  per formance  o f   the  in-  

d i v idua l   s tages ,   t he   two   spoo ls ,   and   t he   ove r -a l l   t u rb ine   a re   o f   second-  

a r y   i m p o r t a n c e .   F o r   t h e   a n a l y s i s ,   t h e   c o e f f i c i e n t s   d e f i n i n g   t h e   c o r r e l a -  

t i o n  of t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t   d i f f e r   i n  some ins tances   f rom  the  

recommended w l u e s   g i v e n   i n   R e f e r e n c e  2. These c o e f f i c i e n t s  were made 

equa l   to   those assumed i n   t h e   o r i g i n a l  sample  case for  t h i s   t u r b i n e  de- 

s i g n  s o  tha t   reasonab ly   va l id   compar isons   can  be made between  the   resu l ts  

o f   t he   two   ve rs ions  of t h e   t u r b i n e   d e s i g n  program. A nonstandard  corre-  

l a t i o n  had  been  used w i t h   t h e   o r i g i n a l   v e r s i o n   o f   t h e   p r o g r a m   t o  limit 

t h e   l e v e l   o f   l o s s   c o e f f i c i e n t s   n e a r   t h e   r o t o r   b l a d e  hub s e c t i o n s   i n   a n  

48 



a t t e m p t   t o   c o m p l e t e   t h e   d e s i g n - p o i n t   a n a l y s i s   f o r   a l l   f i v e   s t a g e s   o f   t h e  

l p   s h a f t .  

I n   t h e   c a s e   o f   t h e  hp s tages ,   t he   op t i on   se lec ted   f o r   t he   spec i -  

f i c a t i o n   o f   t h e   s t a t o r   e x i t   c o n d i t i o n s  i s  t h a t   i n   w h i c h  a mean s t reaml ine  

t a n g e n t i a l   v e l o c i t y  i s  g i ven   and   t he   mer id iona l   ve loc i t y   g rad ien t  i s  

s p e c i f i e d   t o  be rad ia l l y   cons tan t   a t   ze ro .   Rad ia l l y   cons tan t   work   ex -  

t r a c t i o n  i s  s p e c i f i e d   f o r   t h e   r o t o r s .  O f  i n t e r e s t   i n   t h e   c o m p a r i s o n  be- 

t w e e n . t h e   f i r s t   s t a t o r   e x i t   c o n d i t i o n   o f   t h e   c u r r e n t  sample  case  and 

sample  case I I  of   Reference 2 i s  t h e   f a c t   t h a t   t h e   e l i m i n a t i o n   o f  a me- 

r i d i o n a l   v e l o c i t y   d i f f e r e n c e   o f   a p p r o x i m a t e l y  48 f t  per  sec  between  hub 

and  casing  values  where  the mean s t reaml ine   va lue  was approx imate ly  437 
f t  pe r  sec  has produced a t a n g e n t i a l   v e l o c i t y   d i s t r i b u t i o n   w h i c h   i s   n o t  

s i g n i f i c a n t l y   d i f f e r e n t   f r o m   t h e   “ f r e e - v o r t e x ’ ’   d i s t r i b u t i o n   o r i g i n a l l y  

s p e c i f i e d .   F o r   t h e   a n a l y s i s   u s i n g   t h e   o r i g i n a l   p r o g r a m ,   t h e   s p e c i f i e d  

hub  and cas ing   va lues   o f  f i r s t  s t a t o r   e x i t   t a n g e n t i a l   v e l o c i t y   w e r e  1425 

and 1321 f t  per   sec ,   respec t ive ly ;   in   the   p resent   case  the  computed  tan- 

g e n t i a l   v e l o c i t i e s   a r e  1431 and 1318 f t  per   sec ,   respec t ive ly .  The f a c t  

t h a t   r e l a t i v e l y   s m a l l  changes i n   t h e   s p e c i f i c a t i o n   o f   t a n g e n t i a l   v e l o c i t y  

d i s t r i b u t i o n   c o u l d   p r o d u c e   l a r g e  changes i n   t h e   m e r i d i o n a l   v e l o c i t y   d i s -  

t r i b u t i o n   a t   s t a t o r   e x i t  was, of   course,  the  reason why t h e   a l t e r n a t i v e  

t o   s p e c i f y i n g   t a n g e n t i a l   v e l o c i t y   a s  a f u n c t i o n   o f   r a d i u s   a t   s t a t o r   e x i t  

des ign   s ta t i ons  was p r o v i d e d   i n   t h e  new program. 

F o r   r o t o r   e x i t   f l o w   c o n d i t i o n s   i n   t h e  hp   s tages ,   the   rad ia l l y  

cons tan t  power ou tpu t  was s p e c i f i e d   t o   i l l u s t r a t e   t h e   s i m p l e s t   o p t i o n .  

A number o f   f a c t o r s  made i t  i m p o s s i b l e   t o  compare d i r e c t l y  t h e  r e s u l t s  

f rom  the   o r i g ina l   and   cu r ren t  sample  cases.  However,  one p o i n t  of i n t e r -  

e s t  i s  tha t   the   improved  so lu t ion   p rocedure  has produced  the  expected  de- 

crease i n   s t a t i c   p r e s s u r e   f r o m   c a s i n g   t o  hub a t   t h e  f i r s t  s t a g e   e x i t  

where the   mer id iona l  component o f   s t r e a m l i n e   c u r v a t u r e   i s   z e r o .   A l t h o u g h  

t h e   a c t u a l   s t a t i c   p r e s s u r e   v a r i a t i o n   f r o m  hub t o   c a s i n g  i s  extremely  smal l ,  

the   ou tpu t   f rom  the   o r ig ina l   vers ion   o f   the   p rogram (see  page 78 of Ref 2 )  

showed  a s m a l l   i n c r e a s e   i n   s t a t i c   p r e s s u r e  w i th  decreas ing  rad ius  f rom 

the mean s t r e a m l i n e   t o   t h e  hub. I t  i s  reasonable t o  assume, there fore ,  

tha t   the   numer ica l   accuracy   o f   the   fo rward-s tep   p rocedure  has  been 
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improved i n   t h e   r e v i s e d   v e r s i o n  of  the  computer  program. 

R e s u l t s   f o r   t h e   c o m p l e t e   l p   s p o o l  have  been ob ta ined   w i thou t  

t h e   s p e c i f i c a t i o n   o f   m i x i n g .   T h a t   i s ,  a s t r e a m - f i l a m e n t   s o l u t i o n   i s   o b -  

t a i n e d   w i t h o u t   a n y   r e d i s t r i b u t i o n   o f   l o s s e s   b e t w e e n   s t r e a m t u b e s .  The 

s p e c i f i c a t i o n  of  a n a l y s i s   v a r i a b l e s   c o n s i s t e d  of  s t a t o r   e x i t   t a n g e n t i a l  

v e l o c i t i e s  a n d   m e r i d i o n a l   v e l o c i t y   g r a d i e n t s   a t   s t a t o r   a n d   s t a g e   e x i t  

des ign   s ta t i ons .  The g r a d i e n t s   w e r e   s p e c i f i e d   t o  be z e r o   f o r  a cons tan t  

m e r i d i o n a l   v e l o c i t y   s o l u t i o n   a t   e a c h   d e s i g n   s t a t i o n .  A r e v i e w   o f   t h e   o u t -  

pu t   da ta  will show tha t   t he   compu ted   f l ow   ang les ,   abso lu te   and   re la t i ve ,  

a l l  show m e c h a n i c a l l y   a c c e p t a b l e   v a r i a t i o n s   w i t h   r a d i u s .  

Dur ing   t he   p rev ious   a t tempts  t o  complete  the  lp   spool   des ign,  

c o n s i d e r a b l e   d i f f i c u l t y  was e x p e r i e n c e d   i n   e s t i m a t i n g   s t r e a m l i n e   v a l u e s  

of to ta l   t empera tu re   d rop   wh ich   wou ld   a l l ow  a v a l i d   s o l u t i o n   o f   r a d i a l  

e q u i l i b r i u m   a t   r o t o r   e x i t   d e s i g n   s t a t i o n s  even when f u l l   m i x i n g   o f   t h e  

t o t a l - p r e s s u r e   p r o f i l e  was s p e c i f i e d   a t   e a c h   s t a g e   i n l e t .   S i n c e   t h e s e  

s t a g e s   h a v e   n e a r - z e r o   e x i t   s w i r l ,   t h e   r e q u i r e m e n t   o f   r a d i a l   e q u i l i b r i u m  

i s   f o r   app rox ima te l y   cons tan t   s ta t i c   p ressu re   ac ross   t he   annu lus .   Thus ,  

i f  t h e   m e r i d i o n a l   v e l o c i t y  i s  a l s o   t o  be h e l d   f a i r l y   c o n s t a n t  s o  as t o  

produce a mechanica l ly   acceptable  des ign,  i t  was necessary   fo r   the  de- 

s igner   to   choose  s t reaml ine   va lues   o f   such  tha t  ATGh5xo d i d   n o t  

vary  from hub t o   c a s i n g .   T h i s   p r o c e s s   p r o v e d   q u i t e   d i f f i c u l t   f o r   d e s i g n s  

employ ing   the   in te rna l   per fo rmance  cor re la t ion .  

- 

When t h e   r e v i s e d   p r o g r a m   i s  used, t he   s t reamr ine   va lues   o f  

t o t a l   t e m p e r a t u r e   d r o p   a r e   i n   e f f e c t   a u t o m a t i c a l l y   c h o s e n   b y   t h e   p r o g r a m  

i n   t h e   c o u r s e  of s a t i s f y i n g   r a d i a l   e q u i l i b r i u m   s i m u l t a n e o u s l y   w i t h   t h e  

assumed   row   pe r fo rmance   and   t he   spec i f i ed   d i s t r i bu t i on   o f   mer id iona l   ve -  

l oc i t y .   Examina t ion   o f   t he   ou tpu t   revea ls   t ha t   each  o f  t h e   r o t o r s  of  

t h e   l p   s p o o l   r e q u i r e d   i n c r e a s i n g   t o t a l   t e m p e r a t u r e   d r o p   w i t h   r a d i u s .   F o r  

t h e   f i v e   s t a g e s ,   c a s i n g   v a l u e s   o f  AT exceed  those a t   t h e  hubs  by 6.5, 
2.6, 3.7, 4.9, and 9.0 deg R, r e s p e c t i v e l y .  A s  would be expected,  these 

r e s u l t s   e x h i b i t   g e n e r a l l y   i n c r e a s i n g   . r a d i a l   v a r i a t i o n  of  t o t a l  tempera- 

tu re   d rop   as   t he   ra t i o   o f   hub - to - t i p   l osses   i nc reases .   (The   f i r s t   s tage  

o f   t h e   l p   s p o o l   m u s t  employ a d d i t i o n a l   v a r i a b l e   w o r k  t o  overcome  the  in-  

l e t   t o t a l - p r e s s u r e   p r o f i l e   g e n e r a t e d   b y   t h e   c o n s t a n t   w o r k   r o t o r s   o f   t h e  

50 



hp spool.) Thus, local limiting  loading  near  the  inefficient  hub  sections 

has  been  avoided by unloading  these  sections  as  required  during  the  course 

of the  calculations. 
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CONCLUSIONS 

1. A new computer  program  has  been w r i t t e n   t o   s o l v e   t h e   b a s i c   e q u a t i o n s  

wh ich   govern   the   des ign-po in t   per fo rmance  o f   ax ia l   f low  tu rb ines .  The 

p rog ram  re ta ins   mos t   o f   t he   va luab le   f ea tu res   o f   t he   p r i o r   ve rs ion ,  

a l l o w i n g   t h e   t u r b i n e   d e s i g n e r   t o   t a k e   i n t o   a c c o u n t   t h e   e f f e c t s   o f  non- 

u n i f o r m   i n l e t   c o n d i t i o n s ,   c o o l a n t   f l o w s ,   i n t e r f i l a m e n t   m i x i n g ,   a n d  

s t a t i o n - t o - s t a t i o n   v a r i a t i o n   o f   s p e c i f i c   h e a t .  The o p t i o n a l   s p e c i f i -  

c a t i o n   o f   s t a t o r   e x i t   f l o w   c o n d i t i o n s  by t h e   r a d i a l   v a r i a t i o n   o f   t a n -  

g e n t i a l   v e l o c i t y  has  been rep laced  by  a s i n g l e   v a l u e   o f   t a n g e n t i a l  

v e l o c i t y   a t   t h e  mean s t reaml ine   and t h e  g rad ien t   o f   mer id iona l   ve -  

l o c i t y  as  a f u n c t i o n   o f   r a d i u s .   S i m i l a r l y ,   t h e   g r a d i e n t   o f   m e r i d i o -  

n a l   v e l o c i t y   a s  a f u n c t i o n   o f   r a d i u s  has  been in t roduced  as  a design 

a n a l y s i s   v a r i a b l e   r e p l a c i n g   t h e   s p e c i f i c a t i o n   o f  a ro to r   work   f unc -  

t i o n   f o r   d e s i g n s   h a v i n g  a r a d i a l   v a r i a t i o n   o f   w o r k   o u t p u t .  

2. The i n t r o d u c t i o n   o f  t h e  new d e s i g n   a n a l y s i s   v a r i a b l e s  has produced a 

g rea t l y   improved   tu rb ine   des ign   t oo l .  Whereas the   use   o f   the   rep laced 

s p e c i f i c a t i o n s   i n   c o n j u n c t i o n   w i t h   f u l l y   c o n s i s t e n t   t o t a l - p r e s s u r e -  

l o s s   c o e f f i c i e n t s   f r e q u e n t l y   r e s u l t e d   i n   u n a c c e p t a b l e   m e r i d i o n a l   v e -  

l o c i t y   d i s t r i b u t i o n s   o r  no s o l u t i o n   f o r  some a p p l i c a t i o n s ,   v a l i d   s o l u -  

t i o n s  have  been o b t a i n e d   a t   t h e   f i r s t   a t t e m p t   f o r   e v e r y   c a s e   i n v e s t i -  

g a t e d   t o   d a t e   i n   w h i c h   t h e  new a n a l y s i s   v a r i a b l e s  have  been  used. 

Hence, p re l im inary   compar isons   o f  a f a m i l y   o f   r e l a t e d   d e s i g n s   u s i n g  

r e a l i s t i c  assessments of  blade  element  performance  can be performed 

r a p i d l y   a n d   e f f i c i e n t l y .  
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NOMENCLATURE 

The  nomenclature f o r  a x i s y m m e t r i c   f l o w   i n   a n   a r b i t r a r y   t u r b i n e  

a n n u l u s   i s   i l l u s t r a t e d   i n   F i g u r e  1. T h e   t u r b i n e   v e l o c i t y   t r i a n g l e  nomen- 

c l a t u r e   i s  shown i n   F i g u r e  2. (F igures  1 and 2 appear a t   t h e  end of  t h i s  

nomenclature.) 

Symbo 1 

A 

A 
a 
c 

D e s c r i p t i o n  U n i t s  

S t r e a m l i n e   a n g l e   o f   i n c l i n a t i o n  
i n   t h e   m e r i d i o n a l   p l a n e  deg, r a d  

Annulus  area f t  , i n  2 2 

Constants i n   l o s s   c o r r e l a t i o n  " 

C o e f f i c i e n t  " 

4 S p e c i f i c   h e a t   a t   c o n s t a n t   p r e s -  
sure   B tu   per  lbm  deg R 

F u n c t i o n   o r   v a r i a b l e  " 

$1 9 
fL 
90 

A d d i t i o n a l   l o s s   f a c t o r  

Constant i n  Newton's  law 

" 

f t  Ibm p e r   l b f  sec 2 

.J Mechan ica l   equ iva len t   o f   hea t  f t  l b f   p e r   B t u  

J' S t  ream1 i ne i ndex 

Mach  number 4 

" 

" 

n Number o f   s t reaml ines  

3) 
s PO0 1 

n J f  Number o f   s p o o l s   o n   t h e   t u r b i n e  -- 

" 

Number o f   d e s i g n   s t a t i o n s   o n  a 
" 

3 
P 
x 

Power ou tpu t  

S t a t i c   p r e s s u r e  

To ta l   p ressu re  

R Gas cons tan t  

R Reac t ion   o f  a blade  row 

R a d i a l   p o s i t i o n  

B l a d e - t o - j e t  speed r a t i o  

S t r e a m l i n e   c u r v a t u r e   i n   t h e  
mer id iona l   p lane  

hp, f t  lb f   per   sec  

p s f ,   p s i  

p s f ,   p s i  

f t  l b f   p e r  lbm  deg R 
" 

f t ,  i n  

" 

f t  , i n  
- 1  . - 1  
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Description 
Total-to-static pressure ratio 
Total-to-total pressure ratio 
Static temperature 
Total temperature 
Drop in total temperature 
Blade  velocity 

Velocity 
Meridional component of velocity 
Tangential component of velocity 
Axial component of velocity 
Work output along a stream1  ine 
Coolant flow  as fraction of  inlet 
flow 
Total  mass flow at a design 
station 
Mass flow function 
Axial  position 
Independent variable 

Mixing coefficient 
Pressure-loss coefficient 
Solution vector 
Dependent va r 
Flow angle 
Ratio of spec 
Blade row eff 

I 

i 

i 

Rotor isentropic efficiency 
Stage isentropic  efficiency 
Static efficiency 
Total  efficiency 
Dens i ty 
Rotat i ve speed 

Description 

Coolant 
Casing streamline 

ab1 e 

fic  heats 

c i ency 

Un i ts 
" 

" 

deg R 
deg R 
deg R 

f PS 

f PS 

f PS 

f PS 

fPS 
Btu per  lbm 

" 

lbm  per sec 
lbrn per  sec 
ft, in 
" 

" 

" 

" 

" 

deg, rad 
" 

" 

" 

lbm  per cu ft 
rpm, rad  per sec 
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Old esti 

Over-a 1 1 

Rotor 
I sentrop 

Stage 

Tota 1 

Description 

Blade row exit 
Turbine exit 

Hub streamline 
Design station index 

Blade row index 
Stator, rotor, or stage index 
Spool  index 

Blade row inlet 
Turbine inlet 

First estimate 

Streamline index 

Index of the downstream design 
station 

Mean  stream1 i ne 
Nozz 1 e 
Last streamline at  a design 
station 

Last design station of a spool 

New  est i ma  te 

mate 

IC 

Hub or casi  ng 
Stage i n 1 et 

Stator exit/rotor 

Stage exit  inlet 

Description 

Relative value 

Nondimensional  value 
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Superscript  Descr i p t  i on - 
Mean o r  mass flow  weighted  value 

* Value  which i s  modif ied i f  mixing 
or   coo l ing   a re   spec i f ied  



I 4x0 

P 

FIGURE 1 - NOMENCLATURE  FOR AXISYMMETRIC FLOW IN  AN  ARBITRARY  TURBINE ANNULUS 
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FIGURE 2 - TURBINE  VELOCITY  TRIANGLE NOMENCLATURE  USED 
I N THE  STREAM-F I LAMENT  ANALYS I S 
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APPENDIX I 

INPUT ~. ~ ~. DATA AND COMPUTER OUTPUT  FOR 
THE SAMPLE CASE 

The  sample  case  presented  on  the  fol lowing pages  has bee.n se- 

l e c t e d   t o   i l l u s t r a t e   t h e   o p e r a t i o n   o f   t h e   r e v i s e d   i n p u t   o p t i o n   o f   s p e c i -  

f y i n g   g r a d i e n t s   o f   m e r i d i o n a l   v e l o c i t y   a t   b l a d e  row e x i t   d e s i g n   s t a t i o n s .  

The da ta   sheets   f rom  wh ich   the   inpu t   cards  were  punched are  presented 

f i r s t ,  f o l l o w e d  by the   ac tua l   computer   ou tpu t   fo r   the  case. T h i s  sample 

design i s  i n t e n d e d   o n l y   a s   a n   i l l u s t r a t i o n   o f   p r o g r a m   c a p a b i l i t i e s   a n d  

does no t   necessa r i l y   rep resen t  a f i na l   des ign .   The re fo re ,   t he   mer id iona l  

v e l o c i t y   g r a d i e n t s  have s imp ly  been s e t   e q u a l   t o   z e r o   f o r  each  row  ex- 

c e p t   t h e   r o t o r s   o f   t h e  HP spool ,   where  rad ia l ly   constant   work  output  has 

been  spec i f i ed. 
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NORTHERN RESEARCH AND ENGINEERING CORPORATION 

DATA INPUT SHEET 

ENGl NEER: FKL PROJECT: PROGRAM TD2 . " PROXCT NO& 1 147 

TITLE8 SAMPLE  CASE 
" "~ ." - .__- SHEET: 1 WL 

LOCATION 
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NORTHERN RESEARCH AND ENGINEERING CORPCMATION 

DATA INPUf SHEET 

ENGl NEER: FKL PROJECT: -_ PROGRAM T D 2  M X C T  NO% 1 147 

TITLE2 SAMPLE  CASE ~" SHEETI 2 OF - 2 

- 

LOCATION 

IVMDR(1 ,7 )=1 .0 ,  
I 1 1 1 

IVMDR(I $)=LO, 

=o. o $ DVMDR( 1 ,  IO) 
I I I 1 DVMDR( 1 ,g )=~.o ,  

1 1 I 1 

1 1 I I 
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CC PROORAM T O 2  - bEROOYNb*1C CLLCULATIONS FOR THE DESIGN OF A X I A L  TURBINES CC 

NASb YULTISTIQE TUINSPOOL TURBINE IITMOUT MIXINO 

NUMBER OC STREIMLINES - q 
NUMBL~ CF SPOOLS m t 

INLL~ CbSS FLOW 111.90000 LBM/SEC 
GAS CONSTINT m 53.35000 LBF FTILIIM OEO R 

IALDIAL TOTAL 
COOROlNATE TCMPERITURE PRESSURE FLOU bNGLE 

I I N I  IDEO n) I P S I I  IDEGI 

14.5000 2410.00 342.4000 0.000 

TOTAL  bRSOLUTE 
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ROTATIVE SPEED = 10800.0 RPM 
PODEI OUTPl,T 24530.00 HP 

SPECIfIC-MEAT S P E C I F I C A ~ I O N  

STATION NUMBLII AXIAL POSITION HUB I A O I U S  CASING SAOIUS 
I l k 1  I IN1 I I h l  

1 0 .000U 13.9150 
2 1.s000  14.0000  15.1000 

14.0500 

3 3.9000 14-0250 
4 4.500U 14.0500  15.4000 

15.3500 

5 b.9OOU 
b 7.5000 

14.0750 
14.1000 

15.C500 
1b.1000 

1 9.0000 14.1400  1b.b500 
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ROTOR I 

STLTOR 2 

RADIAL 
e E R l n l n N A L  

V C L O C I T ~  
P O S l l l O h   O R I O I E N T  

I I h I  (PER SLCI  

14.9b00 (1.00 

W I L L  VLLOCXTV  AT THE MEAN STRLIMLINf  1395.b000 PEE1 C f R  SLC 
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UaSS-fLOII  MLPIDIONAL b I I b L  
ARSOLUTf  AESOLUTE  AESOLUTE  ABSOLUTE 

UhluL AUSOLUTE 
FUNCTION V f L I X I T Y  VELOCITY  VfLOClTY  VkLOClTY NUMWEI PSESSUUf TLCPERATUIC ANOLE 

MACY TOTAL  TOTAL  FLOl 

2410.00 

z410.00 
241b.00 

2410.00 
2410.00 

2410.00 
2410.00 

2410.00 
2410.00 

0.001 

0.000 
0 .000 

0.000 
0.000 
0.000 
0.000 

0.000 
0.000 

IDEO1 (PEH I h l  

2.049 o.ooooo 
.955 O.OCUOO 

3.134 
4.208  0.00000 

0.00000 

5.274 0.00000 
b.332 0 . 0 0 0 0 0  
7.303 0.00000 
8.421 0.00000 
9.4b2 0 , 0 0 0 0 0  

f l lEAML1hC TOTAL TOlbL 
ALASOLUTC Al3SOLUTE 

NUMOtI PPESSURL TEMPERATURt 
IPS11 IDEO R l  

2 
1 3b2.4000 2393.1e 

342.4000 2393.14 
3 342.4000 2393.14 
4 3.2.4000 2393.14 
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I r 
4 

0.001~00 435.227 1495.210 333.8bOO 2393.14 73.080 

i 
9 

25 1 -9OS3 . 00000  
.00000 
.00000  
.U0000 

-.ooooo 

- .00000 
-.ooooo 

- . 00000  
-.ooooo 

4411.597 
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S T ~ E A * L l N E  
hUM8ER 

STPEAVL lhE  
hUMnLR 

1 
2 
J 

5 
6 

MASS-FLOd YERIOIONAL 
FbNCTlON VLLDClTV 
I L R r l S E C I  IFPSI  

2105.PO 
2105.21 

PRESSURE PRESSURE sraroa STATUR  ROTOR 
ROTOR ROTOR STAGE 

LOSS  LOSS RLbCE ROW BLADE ROW 1SELTIOP lC   ISEUTROPlC 
C O L F F l c l L N l   C O E F F I C I E N T   E F f l C l E N C Y   E F F I C I E N C V   E F F l C I E N C V   E F F ~ C ~ F N C V  
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Y l R E b H L I N C  
hUCBER 

I 

1 
9 

S ~ R E ~ M L I N L  
NUMBER 

6 
7 
1 
9 
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STIIEAMLIhE 
hUMtlER 

I 
2 
3 
4 
5 
6 
7 
8 
Y 

WLACTlOk 
ROTOR 

R L L I T I V E  
TOTAL 

PRESSUPE 
I P S 1 1  

PRLSSwUE  PRESSUWE ST110R 
LOSS  LOSS RLAOE ROW BLADE nou ISENTROPIC 

ROTOR ROTOR 

COEfFlClENT COEFFICIENT E F F I C I E N C Y   t F F l C I E N C T   C C F I C I E N C T  

S T A T O I  ULAOE-HOW E F F I C I E N C Y  9 -93475 

R O l O I  LILADE-ROW E F F I C I E N C T  9 ,95131 

STARE UORK 9 75.153 PTU PER  LBM 

RELATIVC 

1959 .b1  
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STAGE 

STAOE  RLAOE-ROU  BLADE-ROU S T A W  
STATOR ROTOR STAGE  STAGE OL;OE--TO 

TOTAL STATIC  JET-SPEED 
hUYEER E F f I C I E M C Y   E F F I C I E N C Y  UORK E F F I C I E N C Y   E F F l C l E N C Y  R A T I O  

( m v L e M )  
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POWEU-OUTPUT SPLIT 

DCSlOh '  S l A l I O N  LIIURFR SPECIFIC HEAT 
lBTU/LHM  DE0 * I  

I .27500 
2 
3 
b 
5 
b 
7 
8 
9 

10 
I I  

.27500 

.27300 
,27300 
.27100 
. 21100  
. z ~ o a  
.2bR00 
.2b500 
.i!6500 
,26200 

0 ANNULUS SPCCICICATION 0 

i T A T I n N  NUMPER M I A L  COSITIOU WUR RADIUS  CASINO YADlUS 
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1 
2 
3 . 
5 
6 
? 
(I 

9 
10 
11 

13 
12 

I Ih)  

7.5000 
v.0000 
10.5000 

15.000U 
13.5000 

lb.5000 
1n.0000 
19.5000 
21.0000 
22.5000 
2* .0000  
25.5000 

12.00~0 

1 
2 
3 
4 
5 
b 
7 

P 
10 

n 

IhLE7 H r S S  FLOU 
FWICTlON UF 

O.OOUO0 
0.000U0 
o.onooo 
0 .00000 
o.onooo 
0.000u0 
0 . 0 0 0 0 0  
0 . 0 0 0 0 0  
0.00u00 
o.ooouo 

TCMPEPATURE 
TOTAL 

tore DI 

o.nn 
0.00 
0 . 0 0  
0 .00  
0.q0 
0 . 0 0  

0.00 
0 .00  
0.00 

o.no 

(1h) 

15.8500 
16.1000 
1b.6500 
17.2000 

18.3000 
17.7500 

18.8500 
19.4000 
19,9500 
ro.soo0 
21.0500 
21.bOOP 
22.1~0~ 

11.5000 0.00 

15.1000 0.00 

STATOR 2 
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16.4000 0.00 

StATOR * 
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STATOR 5 

RADIAL 
CERlnlONAL 

VELnCITY 
POSlTlOh ORADlENT 

IINI m a  SECI 

17.5000 0.00  

UhIRL  VELOCITV A T  THE MEAh STYEAMLINE m 955.9000 FEET PEI) SEC 

ROTOR 5 

17.5000 0.00 

BASIC  INTERhAL LOSS CORRELATION 0 

I C E  PaEsSURE-LOSS  COCCCICIENT COMPUTED IN T P I S  *INNER MAY NOT EMCEED A L I M I T  OC 2 ~ 0 0 0 0 0 0 0 0  
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STREAMLINC 
NULEER 

1 
2 
3 
4 
5 
b 
7 
E 
9 

*ASs-FLO# 
FUNCTION 
lLH*lSECl 

lb.bLJ743 
0.00000 

29.37492 
44.06243 
58.74995 
73.43147 
41.12499 

102.81252 
117.50004 

UL(l lO1ONAL 
vtLncrTv 

I C P S I  

501.935 
522.790 
562.108 
560.652 
579.089 
597.845 
bl7. l t )7  
(137.283 
654.217 

-. . . .. . ... . . 

A0SOLUTL 
UbCH 

NUWER 
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SlRElYLlKI STATIC  STATIC SLOPE STYEAMLINE RLAUE RELATIVE  MlCH 
kUL8LR PCESSIJRE 1LWPERATURE ANGLE CURVATURE VELOCI7Y  VELOCITY NUMRER PRESSURE TEVPERATURE AhOLC 

SlRIaMLIYE  RELATIVE  RELATIVE  RELATIVE RELATIVE 
TOTAL TOTAL CLOU 

(PSI) m o  R I  IOEOI (PER IC11 IFPS)  IFPSI   (PSI)  IDEO AI IOEOI 

00 ROTOR 1 RIXEO Aho/OR COOLED OUANTITICS 

STRCAMLIUE TOTAL TOTAL TOTAL TOTAL 
AESOLUTE AESOLUTE RELATIVE  RELATIVE 

WUYBER PRESSURE TEMPERATURE PRESSURE TEMPERATURE 
I P S I I  IDEO PI ( P S I )  IOEO R l  

1 109.Ibbb 1837.9b 100.1442 1798.87 
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STREAMLINE 
N u m n c n  

STREAML1NE 
NUVEER 

2 
I 

3 

Y U l n L  ABSOLUTE  MACH 

I F P S I  IFPSI 

AOSOLUTE 

VELOCITY  VELOCITY  NUNBEn 

0.00000 
-.oouoo 
-.OOUOO 
- . 00000  
-.ooooo 
-.Oo000 
- .00000 
-.ooooo 
-.OOO00 

r9.23z2 
99,5bO2 

100.1131 
99.1732 

100.4b41 
100.7416 
101.02b1 
1OI.JOlO 
101.5TEO 

1100.lb 
1100.21 
1100.4T 
1100.15 
1101.3b 

1102.b1 
1101.93 

1103.31 
1101.10 
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7 
8 
9 

STATOR BLADE-ROW E F F I C I E N C Y  9 . 9 2 8 0 5  

ROTOR BLADE-ROW E F C l C l E N C l  9 .9160L 

STAOE  TOTAL E F F I C I E N C Y  9 . 0 9 0 8 2  

5TLOE BLADE- TO JET-SPEED RATIO 9 .54116 
STLGE S T L T I C  E F F I C I E N C Y  - -76,618 

STAGE UORK 9 20.~12 m u  PER LOM 

STRELMLINE 
NUMgtR 

S T A T O R  E X I T  - ROTOR I N L E T  2 .W 

ABSOLUTE 
MACH 

NUMBER 

9 0 . 6 3 8 4  1765.04 
9n .7nTT 1764.41 
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78.059b - .oonoo 
- .OOUOO 
- .conoo 
- .oouoo 
..L)oooo 
- .00000 
-.bo')Oo 

- . 0 0 0 0 0  
- . o o ~ o o  

STREAMLlNE 
NUMBER 

1 
2 
3 
b 
5 
6 
7 
8 
9 

3 5 7 . 9 7 1  3 5 5 . 6 4 0  
3 5 7 . 9 7 1  353.625 

RELATlVE 
TOTAL 

TEMPERATURE 
IDEG R I  

RELATIVE 
TOTAL 

PRESSURE 
I P S 1 1  

RELATIVF   RELATIVE 

TELPERATURC  AhGLC 
T O T A L  FLOW 
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I 
2 
3. 
4 
5 
b 
I 
8 
9 

STREAMLlhE 
CURVATURE 
(PER I N )  

o.uouoo 
. I 0 0 0 0  
. n o ~ o o  
.oouon 
.oo')oo 

.00900 

.00000 

.00000 

.ooooo 

RELITIVC 
MACH 

NUMHER 

STATOR BLADE-ROW EFFICIENCY m ,91557 

ROTOR ULAOE-ROW EFFICIENCY -91308 
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STILALLIWL 
kUCRER 

ITI1AMLlWL 
NULBER 

1 

PCSll lOh 
PADXAL 

Il*l  

COFSSlll4E 
SlATlC 

IPS11 

IDEO R l  

1603.05 
lbO5.10 

1601.33 
1bl9.91 
1b7R.14 
1617.79 
1671.03 
1b7b.44 
lb75.99 

VELOClTY 
b l l A L  

lCP5I 

342.455 
341r6b0 
3*O.i!40 
330.256 
335.769 
331.833 
329 .402 
325.742 
321.b37 

ITHEAMLXUE 
SLOPE STHEbULlHE RLAOE RCLLTIVE 

RLLATlVL RELlTlVE RELATXVC IELATlVC~ 

ANOLE CURVATURE VELOCITY VELOCITY WUUEER PRESSURE TELPERATURE lhOLE 
UACU TOTAL  TOTAL  FLOU 

IDEO) IPEH lh l   IFPSI   IFPSI   IPS l I  IDEO R l  IOEOI 

4.115 -.00U00 COh.024 432.123 
1.528 V.00000 579.779 412.4111 ,24519 b4.4301  1b32.51  43.53b 

.224Ob b4.01b5  lb32.4b 31.b28 
bab9b -.OOUOO *3l.U12  600.107  .2073b b5.1930  lb32.75  31.299 
9,112 -.OOOOO CS4.9b5 375.093  .194*5 65 5b54 1h33.36 24,579 

11.441 - .00000 C70.050  350.b43 
13.b90 - .00000 700.4pv 347.083  ,17995  bb.3022  1b35.39  10.307 

. lo561  b5:9342 1b34.21 17.543 

11,093 -.OOoOO 722.191 343.011 ,17735  b6.6109 1b3b.74 3.022 

Z0.13* - .00000 Tbb.254  340.301 
10.037 -a00000 1*3.439 343.392 ,11746  b7.0419  1630.29 -4.111 

.17991  b1.4161  1660.02  -I l .#bZ 
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1 
2 
3 

73.0304 64.4301 1h32.52 

66.6709 
67.0419 
67.4161 

MEPIOIOUAL 
vtLnct TI 

I f P S l  

332.026 
3 3 2 ~ 0 2 ~  
33P.02b 
33?*@2b 
332.026 

VELOCITY 
I F P S I  

331,900 

A I  I AL AESnLUTE 
VELOCITY 

I F P S I  

353.565 

ABSOLUTE 
TOTAL 

PRESSURE 

1 
2 
3 
4 
S 
6 
1 
1 
9 

-iT.ooi 

1 
2 
3 

1.528 .ooooo 63.5299 
64.0134 
64.4680 
64.8916 
65.2897 
65.6722 
66.0458 
66 4145 
bb:78Ob 

i;lJo 
6 , b58 
11.399 
9.000 

13,661 

~~~ 

.oonoo 

.ooooo 

.00U00 

.oouoo 

. 0 0 0 0 0  

.oooon 

.ooooo 

4 
S 
b 

15.065 

10.136 
11.021 

.ooooo 

STATOR ROTOR 

STOEAMLIUL STATOR 
PHESSURE  PRESSURE STATOR ROTOR ROTOR STAQE 

LOSS  LOSS  SL IDE ROU BLhDE ROW ISENTROPIC  ISENTRO?IC 
huMaER  REACTION REACTION c O L f f I C I E N ~   C O C f f I C I E Y T   E C F I C I C N C Y   E F F I C I E N C Y   E f f I C l E N C Y  CFfICIf!NcY 
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5TATOa BLADE-ROW E F F l C l E N C l  I . 9 1 6 9 7  

ROTOR BLADE-ROW t F F l C l E n C Y  . , 9 1 3 2 9  

STAOE TUTAL  EFF IC IENCY m .R9607 

STAOL  BLAOE- T O  JET-SPEED R A T I O  .562b3 
STAOE S T A T I C   E F F l C I E N C Y  rn ,12225 

STAGE WORK m 24.133  RTU  PER  LBY 

STREAMLINE 
NUMBtR 

AeSOLUTL 
TnTAL 

TEMPERATURE 
I O E G  RI 

¶ T R t r M L I h C   R A O I A L  CaSS-FLOW Y t R 1 I ) I O N A L   A X I A L  
AHSOLUTE  ABSOLUTE  ABSOLUTE ABSOLUTE 

h u C g E R   P o S l l l O L   F U N C T I O N   V E L O C I T I   V E L O C l T Y   V E L O C I T Y   V E L O C I T Y  NUMBER  PRESSURE  TECPLRATURC  AhOLE 
Ilhl ILHC/SECI  I F P S )  I F P S I  I F P S I  I FPS I I P S I I  IOEO R I  IOCOI 

WHIRL ABSOLUTE u c n  TOTAL  TOTAL FLOW 
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b 
7 

Y 
n 

P C S l T l O I  
RrD1.L 

I I N I  

STRFLHLINE R E L A l l V E  R E L A T I V E  R E L A T I V E  R E L A T I V C  

NUMHER PRCSSURE TEUPERATURE AhOLE 
WACn TOTAL  TOTAL FLOW 

I P S I I  IDEO R I  IDEO1 

I 

s 
9 



7 
8 * 

b 

8 

I 
2 
3 
4 
5 
6 
1 
1 * 

STREAMLINL 
CURVATURE 
(PER I N 1  

'.O0000 
-.ooooo 

- .ooooo 
-.ooooo 
-.(10000 

.ooooo 

.ooooo 

. o o o o o  

.00000 

VELOCITY 
BLADE 

I F P S I  

-0  STAaC 4 PERFORMANCL 0. 

STLTOR noToR 
PRESSURE  PRESSURE STATOR ROTOR 

LOSS  LOSS  ULAOE ROW BLADE ROW 
C O E F F I C I L N T   C O E F F I C I E N T   L f f I C I E N C Y   E F F l C l E N C Y  

00 STATOR 5 MIXLO bND/OR  COOLLO O U I N T I T I E S  -0 

RELAT1VE 
TOTIL 

PRESSURE 
I P S I I  

48.5172 
49.0470 
49.5371 
49,9842 
50.3973 
50.7915 
51.1160 
51.5555 
11.9327 
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SlUtAMLINE TOTAL 
ARSOLUTE lASOLUT& 

NUMtltR PUESSURL TEMPEUATURC 
TOTAL 

I P S I I  IDEO R I  

M E R ~ ~ I O N A L  AXIAL  
VCLOCITY  VELOCITY 

I F P S I   I F P S I  
VELOCITY VELOCITY 

Nul% ~ E S O L U T E  

I F P S I  I F P S I  
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STREAWLLNL 
ICUCRER 

STREAMLINE 
S T A T I C  

IEwPERATURE ANGLE 
SLOPE 

( O E G  R I  IDEG! 

CLISVLUTE 
T O T A L  

PRESSURE 
IPS11 

42.9550 
43.1394 
43.2763 
43.3804 
43.4b13 
43.5254 
4 3 . 5 7 1 b  

43.6556 
43.6201 

RELATIVE 
TOTAL 

PHESSURE 
IPS11 

34.987b 
35.4149 
35.8140 
36.1961 
36,5684 
36,9352 
37,2998 

30,0302 
37,6642 

STREAMLINE 
CURUATUQE 
IPER  IN1 

.ooooo 

.00000 
,00000 
. 00000  
.00000  
.ooooo 
,00000 

.00000 
,00000 

VELOClTI  
UHIRL 

I F P S I  

47.001 

VFLOCITV 
BLCDE 

I FPSl 

RELlT IVC 

TEMPERATURE 
TOTAL 

(DEB RI 

1426.119 
1425.31 
1424.72 
1424.97 
1425 97 
1427:SS 

1432.03 
1434.11 

1429.59 

RELATIVE 
MACH 

NUMAER 

RELATIVE 
TOTAL 

PRESSURE 
I P S 1 1  

RELATIVE RELATIVE 

TLPPERATURL AIIOLE 
TOTAL FLOW 

I O E G  I 1  IOLOI  
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1 
2 
3 

PRESSURE  PRESSURE STATOR 
LOSS 

COEFPICIENT  COEFFICIENT  EFFICIENCY 
LOSS gLAOE 10. 

STATOR ROTOR 

,913Ob 

,91555 
-91439 

-91769 
,91bb5 

,910b1 
.91939 
.92004 
.9205b 

STaTOR BLAOE-ROW EFFICIENCY 0 ,91739 

ROTOR BLADE-ROW EFFICIENCY 0 .88955 
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00. SPOOL 2 PERFORMANCE  SUMYaRV (MASS-AVERAOEO Ol lANTlTlLSl  0.0 

STA.BE BLAOE-ROW ELIDE-RON STAGE 
STATOR  ROTOR  STAGE 

TOTAL 
LUMBER LFFlClENCV  LFflClENCV .OR6 EFFICIENCY 

InTu/Ln*) 

SPOOL NO56 
SPOOL  POWER 

5POOL TOTAL- TO STATIC-PRESSURE R A T 1 0  
SPOOL ToTaL- TO TOTAL-PRESSURE nAT10 

SPOOL TOTAL LFClC1ChC.I 

SPOOL  mLADL- TO JLT-IPLLO R A T I O  
SPOOL s w t c   L w I c m c v  
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APPENDIX I1 

OVER-ALL PROGRAM LOG I C  

Program TD2 i s  composed o f  a ma in   rou t i ne   and   n ine teen   sub rou -  

t i n e s .   F i f t e e n   s u b r o u t i n e s   c a n   b e   c l a s s i f i e d   a s   s p e c i a l i z e d   s u b r o u t i n e s ;  

t hey   a re  INPUT2, STRAC,  SPECHT,  PlbWER2, STRIP, STRVL2, VMNTL2,  RADEQ2, 

DERIV2, VMSUB2,  REMAN2,  SETUP2,  OUTPUT,  START, and LBSCOR. The  remaining 

f o u r   s u b r o u t i n e s   a r e   c l a s s i f i e d   a s   g e n e r a l   s e r v i c e   s u b r o u t i n e s ;   t h e y   a r e  

I l A P l ,  SLlbPE,  RUNGA2, and SIMEQ. D e t a i l e d   o p e r a t i o n a l   i n f o r m a t i o n   o n  

e a c h   o f   t h e s e   s u b r o u t i n e s   i s   g i v e n   i n   l a t e r   a p p e n d i c e s   t o   t h i s  volume. 

I n   t h i s   s e c t i o n ,   t h e   o v e r - a l l   s o l u t i o n   p r o c e d u r e   i s   d e s c r i b e d   a n d   i l l u s -  

t r a t e d  by a f low  d iagram. 

Over -A l l   So lu t i on   P rocedure  

The ove r -a l l   des ign   ana lys i s   p roceeds   f rom known i n l e t   c o n d i -  

t i o n s   s t a t i o n  by s t a t i o n   t h r o u g h   t h e   t u r b i n e .  The   bas i c   ca l cu la t i ons   a re  

p e r f o r m e d   u s i n g   g r i d   p o i n t s   w i t h i n   t h e   f l o w   f i e l d   w h i c h   a r e   d e f i n e d   b y   a n  

even number o f   e q u a l - f l o w   s t r e a m   f i l a m e n t s .   S i n c e   i n i t i a l l y   t h e   f l o w   d i s -  

t r i b u t i o n   i s  unknown, t h e   i n i t i a l   s t r e a m l i n e   p o s i t i o n s   a r e   e s t i m a t e d   f r o m  

equa l   a reas   f o r   each   f i l amen t .  Hence, s t r e a m l i n e   p o s i t i o n s  have t o  be  re- 

l o c a t e d   a f t e r   e a c h   s o l u t i o n  of  r a d i a l   e q u i l i b r i u m  and c o n t i n u i t y   u n t i l  a 

c o n v e r g e d   s o l u t i o n   f o r   s t r e a m l i n e   p o s i t i o n s  has  been  obtained.  included 

i n   t h i s   m a j o r   i t e r a t i v e   l o o p  will be  an i t e r a t i o n  on   s t reaml ine   va lues  of 

t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t s  when t h e   i n t e r n a l   c o r r e l a t i o n   i s  employed, 

and  on  stage  power  output when m e r i d i o n a l   v e l o c i t y   g r a d i e n t s   a r e   s p e c i f i e d  

a t   r o t o r   e x i t   d e s i g n   s t a t i o n s .  

9 When t h e   m e r i d i o n a l   v e l o c i t y   s a t i s f i e s   t h e   r a d i a l   e q u i l i b r i u m  

e q u a t i o n ,   t h e   s p e c i f i e d   d e s i g n   v a r i a b l e s ,   a n d   t h e   c o n t i n u i t y   e q u a t i o n  

w i t h i n  a p r e s e t   t o l e r a n c e ,  new s t reaml ine   pos i t i ons ,   and   where   app l i cab le ,  

l o s s   c o e f f i c i e n t s   a n d   m e a n l i n e   t o t a l   t e m p e r a t u r e   d r o p   a r e   o b t a i n e d .  Re- 

v i sed   va lues   o f   t he   s t reaml ine   dependen t   va r iab les   requ i red   f o r   t he   co -  

e f f i c i e n t s   o f   t h e   f o u r   d i f f e r e n t i a l   e q u a t i o n s   a r e   t h e n   o b t a i n e d .  The 

s o l u t i o n   o f   t h e   r a d i a l   e q u i l i b r i u m  and c o n t i n u i t y   e q u a t i o n s   i s   t h e n  
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ant   f low  and/or   in te r f i lament  

blade row. 

From t h e   p o i n t   o f  v 

des ign   s ta t ions   a re   so lved  in  

ferences  between  stations  and 

mix ing  has  been  spec 

iew o f  a numerical so 

an i dent  ica 1 manner. 

i npu t   op t i ons   a re   i n  

repea ted   un t i l   t he   s t reaml ine   pos i t i ons ,   l oss   coe f f i c i en ts ,  and  stage power 

output  have  converged to  wi th in  preset   to lerances.  

Hav ing   ob ta ined  the   bas ic   so lu t ion   a t  one design  stat ion,   stream- 

l i n e   v a l u e s   o f   a l l   t h e   r e l e v a n t  aerodynamic  parameters i n   b o t h   r e l a t i v e  

and  absolute  reference  systems  are  readi ly  obtainable  using  convent ional  

turbine  design  procedures. Among t h e   q u a n t i t i e s  computed will be those 

necessary as i n p u t   f o r   t h e   s o l u t i o n   o f   t h e   f l o w   f i e l d   a t   t h e   f o l l o w i n g  

des ign  s ta t ion.  These will inc lude,  where app l icab le ,   rev ised  s t reaml ine  

va lues   o f   to ta l   p ressure  and to ta l   temperature when the   add i t i on   o f   coo l -  

i f i e d   f o r   t h e  downstream 

l u t i o n ,   t h e   f o l l o w i n g  

The o n l y   b a s i c   d i f -  

t he   eva lua t i on   o f   t he  

s t r e a m l i n e   c o e f f i c i e n t s   o f   t h e  s e t  o f   f o u r   d i f f e r e n t i a l   e q u a t i o n s  and i n  

t h e   s e l e c t i o n   o f   t h e   i n i t i a l   e s t i m a t e   o f   t h e   m e r i d i o n a l   v e l o c i t y .  

Because i t  i s  p o s s i b l e   t o  have  two so lu t ions   to   compress ib le  

f low  problems, i t  i s  a d v i s a b l e   t o  commence the  s imul taneous  so lut ion  o f  

t he   rad ia l   equ i l i b r i um and con t inu i t y   equa t ions   a t  a s t reaml ine   wh ich   i s  

most rep resen ta t i ve   o f   t he   f l ow   i n   t he   annu lus .  Hence, a mean st reaml ine 

i s  selected,   which  equal ly   d iv ides  the  f low  in   the  annulus.   In   pract ice 

th is   se lect ion  compl icates  the  log ic   o f   the  computer   program  in   that   the 

s o l u t i o n  of  t h e   m e r i d i o n a l   v e l o c i t y   d i s t r i b u t i o n  has t o  proceed t o  each 

o f   the  two  boundary  streamlines i n   t u rn .   Never the less ,   f o r   s ta to r   ex i t  

planes i n   p a r t i c u l a r ,   t h e   v a r i a t i o n   i n   a b s o l u t e  Mach  number across  the 

annulus will be su f f i c i en t l y   l a rge   t ha t   conve rgence   o f   t he   requ i red   so lu -  

t i o n  will be best  achieved when the   mer id iona l   ve loc i t y  i s  reest imated 

a t   t h e  most r e p r e s e n t a t i v e   s t r e a m l i n e   f o r   t h e   f l o w   f i e l d .  

When t h e   f l o w   a n g l e   i s   s p e c i f i e d ,   f o r  example a t   t h e   f i r s t   s t a -  

t o r   i n l e t   o r   s t a t o r   e x i t   p l a n e s ,   b o t h   s u b s o n i c  and  supersonic  solut ions 

are  poss ib le .  A t  s t a t o r   i n l e t  i t  will be assumed that  only  the  subsonic 

s o l u t i o n  i s  o f   i n t e r e s t ,  and  the i n i t i a l   m e r i d i o n a l   v e l o c i t y  will be se-  

l ec ted   t o   co r respond   to  a Mach number o f  0.4. A t  s ta to r   ex i t   p lanes ,  it 

will be necessary to   spec i f y   wh ich   o f   t he  two so lu t i ons  i s  required. I f  
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t he   subson ic   i s   chosen ,   t he   i n i t i a l   es t ima te   o f   mer id iona l   ve loc i t y  will 

be  based  on a mean  Mach number o f  0.8; f o r   superson ic   so lu t i ons   t he   s ta r t -  

i n g   p o i n t   o f   t h e   f l o w   i t e r a t i o n  will be a Mach number o f  1.2. 

When a mer id iona l   ve loc i t y   g rad ien t  and  meanline  tangential  ve- 

l oc i t y   o r   s tage   work   ou tpu t   a re   spec i f i ed   a t   s ta to r   o r   s tage   ex i t   p lanes ,  

two so lu t ions   a re   aga in   poss ib le .  However, o n l y  one i s   o f   r e a l   i n t e r e s t ,  

since  the  second will correspond t o  a design i n  which  the  ax ia l  component 

o f   ve loc i ty   is   supersonic .   For   these  cases  the f i r s t  es t imate   o f   mer id io -  

n a l   v e l o c i t y  will be  based  on a s t a t o r   e x i t   a n g l e   o f  60 degrees o r  a r o t o r  

r e l a t i v e   e x i t   a n g l e   o f  -60 degrees.  For a l l  des ign   ana lys i s   o f   p rac t i ca l  

in te res t ,   the   numer ica l   so lu t ion  will converge t o   t h a t   f o r   w h i c h   t h e   a x i a l  

component o f  Mach number i s  subsonic even  though the  absolute Mach  number 

may be ei ther  subsonic  or   supersonic.  

Flow  Diagram 

An over -a l l   f low  d iagram  fo r  Program TD2 i s  g iven on t h e   f o l -  

lowing pages. This  diagram i s  i n tended   to   i l l us t ra te   t he   pu rpose   o f  each 

section  of  the  program  and  the  general  relat ionship  between  the  sections. 

De ta i l ed   desc r ip t i ons   o f   t he   ac tua l   equa t ions  employed, the  var ious 

CldMMldN blocks,  the  main  routine,  and each o f   the   subrout ines   a re   p re-  

sented in   the   remain ing   append ices   to   th is   repor t .  

I t  can  be seen tha t   the   ma in   rou t ine   d i rec ts   the   over -a l l  se-  

quence o f   the   ca lcu la t ions   wh i le   Subrout ine  RADEQ2 supervises  the compu- 

t a t i o n   o f   t h e   m e r i d i o n a l   v e l o c i t y   d i s t r i b u t i o n .  The l o g i c   f l o w  i s  organ- 

i zed   in to   f i ve   ma jor   nes ted   loops ,  numbered 1 through 5 on  the  f low  d ia-  

gram. The outermost  loop ( 1 )  i s  performed, i n   t u r n ,   f o r  each t u r b i n e   t o  

be analyzed. The nex t   loop   (2 )   w i th in   the   nes t   i s   per fo rmed,   in   tu rn ,  

f o r  each  spool   of   the  turbine  or,  i f  there i s  on l y  one spoo l ,   fo r  each 

se t   o f   ana lys i s   va r iab les .  The next  loop (3 )  i s  performed, i n   t u r n ,   f o r  

each des ign  s ta t ion  o f   the  spool .  The i t e ra t i ve   de te rm ina t ion   o f   s t ream-  

l i n e   p o s i t i o n s  and,  where app l icab le ,   p ressure- loss   coe f f i c ien ts  and mean- 

l i ne   t o ta l   t empera tu re   d rop   cons t i t u tes   t he   nex t   l oop  (4). The innermost 

loop (5)  shown on the  f low  diagram i s  t h e   i t e r a t i v e   d e t e r m i n a t i o n  of the  

m e r i d i o n a l   v e l o c i t y   a t   t h e  mean s t reaml ine   wh ich   sa t i s f i es   con t i nu i t y .  
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I n   a d d i t i o n ,   w i t h i n   t h i s   l o o p   a t   v a r i o u s   s t a g e s  of  t h e   c a l c u l a t i o n s   a r e  

loops  performed  for  each  streamline of the  des ign  s ta t ion.  
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MAIN  ROUTINE 

~ 

Beg in   loop   on   tu rb ines  
L~~~ 1 t o  be  analyzed + 

+ Read genera l   i npu t   da ta  

Beg in  loop o n   s p o o l s   o f  
t h e   t u r b i n e  or s e t s   o f  

L~~~ 2 a n a l y s i s   v a r i a b l e s  

- ~ ~~~ ~ 

I f  t h i s   i s   t h e   f i r s t   o r  
o n l y   s p o o l ,   p r i n t  gen- 
e r a l   i n p u t   d a t a  

s + 
Conver t   genera l   inpu t  
i n t o  a c o n s i s t e n t   s e t  o f  
u n i t s  

f 

I Read spoo l   i npu t   da ta  
a n d   c a l l   S u b r o u t i n e  
I NPUT2 P r i n t   s p o o l   i n p u t   d a t a  

C o n v e r t   s p o o l   i n p u t   i n t o  
a c o n s i s t e n t   s e t  o f  u n i t s  + + 
I f  va lues  o f  s t r e a m l i n e  

c u r v a t u r e  t i  ne STRAC 
ang le  o f  i n c l i n a t i o n  and s p e c i f i e d ,   c a l l   S u b r o u -  
va lues  of t h e   s t r e a m l i n e  * curva tu re   have   no t  been 
Ob ta in  hub  and c a s i n g  ang le  o f  i n c l i n a t i o n   a n d  

Subrou t ine  STRAC 

I 
Begin   loop   on   the   des ign  
s t a t i o n s  of  the  spool  

Loop 3 1- Subrout ine  SPECKT 
Se t   t he  mass f l o w  and 

* o f  s p e c i f i c   h e a t   a n d   r e -  c a l l   S u b r o u t i n e  SPECKT 
Ob ta in   requ i red   va lues  

l a ted   pa ramete rs  

OVER-ALL FLOW  DIAGRAM  FOR PROGRAM TD2 

99 



Main  Rout ine  (cont . )  
n 

Subrou t ine  STRIP 
O b t a i n   i n i t i a l   e s t i m a t e s  
o f   t h e   s t r e a m l i n e   p o s i -  
t ions  

1 t ~~ 

Conve r t   ce r ta in   des ign  
s t a t i o n   d a t a   t o   t h e   r e -  
q u i r e d   l o g i c a l   f o r m a t  

, + 
' I f  t h e   i n t e r n a l  loss 
c o r r e l a t i o n  i s  spec i -  
f i e d ,   o b t a i n   i n i t i a l  es- 
t ima tes   o f   t he   p ressu re -  
l o s s   c o e f f i c i e n t s  + 
Begin  loop  on  est imates 
o f   s t r e a m l i n e   p o s i t i o n s  
and,   where  appl icable,  
p r e s s u r e - l o s s   c o e f f i -  
c i e n t s   a n d   s t a g e  power 
o u t p u t  

2 

Subrou t ine  STRVL2 Subrou t ine  I l A P l  + 

o f   i t e m s   r e q u i r e d   f o r   t h e   o r   e x t r a p o l a t e d   v a l u e   o f  
s o l u t i o n  of t h e   r a d i a l  
equi  1 i b r i u m   e q u a t i o n  

a dependent v a r i a b l e  - 
.oop 4 Ob ta in   s t reaml ine   va lues  O b t a i n   a n   i n t e r p o l a t e d  * 

* 

t I 
Subrou t ine  SLgPE 

U n l e s s   t h i s   i s   t h e   f i r s t  

n a l   c o r r e l a t i o n   i s  em- 
f u n c t i o n  ues o f   l o s s   c o e f f i c i e n t   p o s i t i o n s  when t h e   i n t e r -  
o f  t h e   d e r i v a t i v e   o f  a - C a l c u l a t e   s t r e a m l i n e   V a l -  e s t i m a t e   o f   s t r e a m l i n e  
Ob ta in   t abu la ted   va lues  

~ 
Sub rou t ine  LBSCBR - 

f r o m   e i t h e r   t h e   c o r r e l a -  
p l o y e d ,   c a l l   S u b r o u t i n e  t i o n   o r   t h e   v a l u e s   s p e c i -  -c Subrou t ine  SLBPE 
LlSCBR ( see  above) * f i e d   i n   t h e   i n p u t   d a t a  

I 
- Subrou t ine  PBWER2 
I f  t h i s   i s  a s t a g e   e x i t  O b t a i n   a n   e s t i m a t e   o f   t h e  
d e s i g n   s t a t i o n ,   c a l l  -+ mean1 i n e   t o t a l   t e m p e r a -  
Subro tu ine  PBWER2 t u r e   d r o p   a c r o s s   t h e   r o -  

t o r  

OVER-ALL FLOW DIAGRAM FOR PROGRAM TD2  (CONTINUED) 
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Main  Routine  (cont.) 

U 

0 
C 
0 

I f  t h i s   i s   t h e   f i r s t  es- Subroutine VMNTL2 
t ima te   o f   s t reaml ine  po- O b t a i n   i n i t i a l   e s t i m a t e  
s i t i o n ,   c a l l   S u b r o u t i n e  o f   t he   mer id iona l  ve- 
VMNTL2 l o c i t y   a t   t h e  mean stream- 

~- 
Subrout ine START 

Obta in   cons is ten t  mean- 

______ ~~~ 

l i ne   va lues   o f   the   th ree  
remain ing  pr inc ipa l  un- 
knowns, based  on the   cy r -  

I 
I I I ren t   es t imates   o f  mean- 

l i ne   mer id iona l   ve loc i t y ,  
Begin  loop  on  est imates 
o f   mer id iona l   ve loc i t y  

Subrout ine RADEQ2 and  where appl icable,  
C o n t r o l   t h e   l o g i c   f l o w   o f  p ressure- loss   coe f f i -  
the   de termina t ion   o f   the  c i e n t  and r o t o r   t o t a l  
d i s t r i b u t i o n s   o f   t h e   p r i n -  temperature  drop 

,f, 1 c i p a l  unknowns, and  ob- I I Ca 1 1  Subrout ine RADEQZ 

I f  r e q u i r e d ,   p r i n t   o u t -  
p u t   o f   t h e   c a l c u l a t i o n  
o f   the   mer id iona l  ve- 
l o c i t y   d i s t r i b u t i o n  

4 ta in   s t reaml ine   va lues  I , I I o f   t h e  mass f low  func-  Subrout ine RUNGAZ 
3 t i on   Ob ta in   t he   so lu t i on   o f  a I 

system o f   l i n e a r   d i f f e r -  
ent ia l   equat ions  across 

Subroutine DERlV2 
Store  va lues  o f   the  pr in-  

I I c i   p a l  unknowns and the  I 

t 
I f  the   de termina t ion   o f  
m e r i d i o n a l   v e l o c i t y   a t  
the mean st reaml ine has 

VMSUBZ and r e t u r n   t o  
s t a r t   o f   l o o p  

- 
not   converged,   ca l l  

t 

J 
~~ 

Ex i t   l oop  i f  t h i s  i s  the 
converged  estimate of 
s t reaml ine   pos i t ions  and, 

I mass f l o w   i n t e g r a n d   f o r  
the hub and cas ing 
streamlines I 

I Subrouti ne I IAP 1 
(see above) 

Subrout ine VMSUBZ 
Obtain a new es t imate   o f  
the   mer id iona l   ve loc i ty  
a t   t h e  mean st reaml ine 

Subroutine D E R l V Z  
Obtain  values o f   t h e  de- 
r i v a t i v e   o f   t h e   p r i n c i -  
pal  unknowns wi th   respect  
t o   r a d i u s   f o r   s p e c i f i e d  
va lues  o f   the  pr inc ipa l  
unknowns and radius.  
A l s o ,  f o r   i n te r i o r   s t ream-  
1 ines,   store  values  of  
t he   p r i nc ipa l  unknowns 
and the mass f l o w   i n t e -  
grand 

P I ~ I 
I " 1 

I Subroutine S l M E Q  
Ob ta in   t he   so lu t i on   t o  a I 

I s e t  o f   s imul taneous  l inear  
algebraic  equat ions I 

I I where app l icab le ,   p res-  I I 1 
su re - loss   coe f f i c i en ts  IA Subroutine REMANZ and  staqe power output  Calculate  the  remaining I 

streaml i ne values t o  be 
p r  i nted 

I t i n e s  'REMANZ and OUTPUT Subrout ine OUTPUT 
P r i n t   o u t p u t   o f   t h e   c a l -  l 

I cu la t ions   wh ich  s a t i s f y  
c o n t i n u i t y  I 

OVER-ALL  FLOW DIAGRAM FOR PROGRAM TD2  (CONTINUED) 
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Main  Routine  (cont.) 

4 
Obtain new es t imates   o f  c Subrout ine I l A P l  
s t reaml ine   pos i t ions  and * (see  above) 
check f o r  convergence 

c- 
Return   w i th  new est imates 
t o   s t a r t   o f   l o o p  

Cal l   Subrout ine REMANZ Subrout ine REMAN2 
(see  above) 

I I 

e 
Subrout ine SETUP2 

Calcu late  va lues  requi red 
'1 as  upstream  condi t ions  for  

Cal l   Subrout ine SETUP2 the   nex t   des ign   s ta t i on  
and mass averaged  values 

I 
L Subrout ine OUTPUT - 

Return   fo r   nex t   des ign   su l ts   a t   the   des ign   s ta -  
s t a t i o n  t i on  

Pr in t   the   converged  re -  

+ 
I f  there   a re   fu r ther   se ts  
o f   ana lys i s   va r iab les ,   re -  
conver t   the  input   data 
i n t o   t h e   o r i g i n a l   u n i t s  + 
Return  for   the  next  spool  
o r   t he   nex t   se t   o f   ana ly -  
s i s  va r iab les  

1 
Return  for   the  next   case 

OVER-ALL FLOW DIAGRAM FOR PROGRAM TO2 ~~ - (CONTINUED) .. ~ 
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APPEND IX I I I 

CALCULATION PROCEDURE AND NUMERICAL  TECHNIQUES 
. - . - . . - " . -. 

The  development  of   the  analysis  method  has  been  presented  in  the 

e a r l i e r   s e c t i o n s  of  t h i s   r e p o r t .   I n   t h e   f o l l o w i n g ,   t h e   p r o g r a m   o p e r a t i o n  

i s   c o n s i d e r e d   a s  77 i n d i v i d u a l   s t e p s   i n  a l i n e a r   p r o g r e s s i o n  of the   ana ly -  

s i s .   F o l l o w i n g   t h e   s t e p  number, t h e   p o r t i o n  of  the   p rog ram  i n   wh ich   t he  

s t e p   i s   e x e c u t e d   i s   i d e n t i f i e d   b y   e i t h e r  TD2, wh ich   i s   the   ma in   p rogram,  

or t h e  name o f   t he   sub rou t ine .   The   numer i ca l   t echn iques  for  i n t e r p o l a -  

t i o n ,   e x t r a p o l a t i o n ,   d i f f e r e n t i a t i o n ,   i n t e g r a t i o n ,   t h e   R u n g e - K u t t a   m e t h o d  

for t h e - f o r w a r d - s t e p   s o l u t i o n  of  o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s ,   a n d   t h e  

s o l u t i o n  o f  s imu l taneous   l i nea r   equa t ions   a re   d i scussed   l a te r .  

1 .  TD2 - .The va lues of  c e r t a i n   c o n s t a n t s   u s e d   i n   t h e   c a l c u l a -  

t i ons   a re   se t .   These   cons tan ts   i nc lude   conve rs ion   f ac to rs ,  

t o l e r a n c e s   a n d   u p p e r   l i m i t s  of i t e ra t i on   l oops ,   and   t ape  

ass i gnments. 

2.  TD2 - Beg in   case   l oop   on   t he   ana lys i s   o f  a tu rb ine ;   s teps  3 

th rough  77 are  per formed  for   each  case.  

3. TD2 - T h e   g e n e r a l   i n p u t   i t e m s   f o r   t h e   c a s e   a r e   r e a d   i n t o   t h e  

program.  These  i tems  inc lude  the  genera l   ind icators   and  the 

genera 1 des i gn requ i rements. 

4. TD2 - S t reaml ine   va lues   o f  a nondimensional mass f l o w   f u n c -  

t i o n   a r e   c a l c u l a t e d   f r o m  

where ( ~ 3  i s   t he   nond imens iona l  mass f l o w   f u n c t i o n ,  j i s  

the   s t reaml ine   index ,   and 72 i s   t h e  number o f   s t r e a m l i n e s  

used i n   t h e   c a l c u l a t i o n s .  I t  can  be  seen  that  w v a r i e s  

f r o m  0 a t   t h e  hub ( t h e   f i r s t   s t r e a m l i n e )  t o  1 a t   t h e   c a s i n g  

( t h e  wlfc s t reaml ine )  s o  t h a t  each  s t reamtube,   by   de f in i t ion ,  

c o n t a i n s   t h e  same amount o f   f l o w .  

/ 

I 

5. TD2 - B e g i n   l o o p   o n   t h e   a n a l y s i s   o f  a spoo l ;   s teps  6 through 

76 a r e   p e r f o r m e d   f o r   e a c h   s p o o l   o f   t h e   t u r b i n e   o r ,  i f  t h e r e  

i s   o n l y  one  spool, fo r  each  set  of  a n a l y s i s   v a r i a b l e s .  
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6. TD2 - I f  t h i s   i s  a s i n g l e - s p o o l   t u r b i n e   o r   t h e   f i r s t   s p o o l  

o f  a mu l t i spoo l   tu rb ine ,   p r in t   the   genera l   inpu t   i tems and 

conver t   the   i tems  in to  a c o n s i s t e n t   s e t   o f   u n i t s .  

7.1. TD2 - Read the  spool  input  i tems. 

7.2.  INPUT2 - Pr int   these  spool   input  i tems  out.  

7.3. TD2 - Convert   the  spool   input  i tems  into a cons is ten t   se t  

o f   u n i t s .  The i tems  include  the  spool  design  requirements 

and  the  spool   analysis  var iables.  

8. STRAC - I f  tabu la ted   va lues   o f   s t reaml ine   ang les   o f   inc l ina-  

t i o n  and curvatures as a func t ion   o f   rad ius   a re   no t   spec i -  

f i e d   i n   t h e   i n p u t   d a t a ,   c a l c u l a t e   t h e   a n g l e   o f   i n c l i n a t i o n  

and curva ture   o f   the  hub and cas ing   s t reaml ines   a t  each  de- 

s ign   s ta t i on   f rom 

A i s  t he   ang le   o f   i nc l i na t i on ,  Vq,,, i s  the  curvature,; 

i s  the  des ign-stat ion  index,  3 denotes  the hub or   cas ing,  

-P i s  t he   rad ia l   pos i t i on ,  X i s  t h e   a x i a l   p o s i t i o n ,  and 

t M I ~  [ y,+,-I+ 1; -X+ , )  denotes  the smal l e r   o f  s,.+,-x; and 
d 

%i-X+-b 

9. TD2 - Begin  loop on the   ana lys is  of a design  stat ion.   Steps 

10 through 73 a re   per fo rmed  fo r  each des ign   s ta t i on  i f  the 

f i r s t  or   on ly   spool  i s  under  consideration. I f  a subsequent 

spool i s  under  considerat ion,   steps 60 through 73 are   per -  

formed f o r   t h e   s p o o l   i n l e t  and  steps 10 through 73 a re  
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performed fo r  the   rema in ing   des ign   s ta t i ons  o f  the  spool .  

10. TD2 - I f  a c o o l a n t  mass f l ow  s c h e d u l e   i s   s p e c i f i e d   i n   t h e  

.. - . 

i n p u t   d a t a   a n d   t h e   d e s i g n   s t a t i o n   i s   n o t   t h e   t u r b i n e   i n l e t ,  

c a l c u l a t e   t h e   t o t a l  mass f l o w   a t   t h e   d e s i g n   s t a t i o n   f r o m  

where % i s   t h e   t o t a l  mass f low a t  a des ign   s ta t i on ,  i i s  

t he   des ign   s ta t i on   i ndex ,  wc' i s   t he   nond imens iona l   coo lan t  

mass f l o w ,  2' i s   t h e   b l a d e  row index  and  denotes  the  up- 

s t ream  b lade r o w  i n   t h i s  case,  and cc2r; 4- i s   t h e  mass 

f l o w   a t   t h e   t u r b i n e   i n l e t .  

11. SPECKT - C a l c u l a t e   t h e   s p e c i f i c   h e a t   r a t i o   c o r r e s p o n d i n g   t o  

t h e   s p e c i f i c   h e a t   a t   c o n s t a n t   p r e s s u r e   s p e c i f i e d   i n   t h e   i n -  

pu t   da ta  for  the   des ign   s ta t i on   f rom 

2; = TCpi/( qi - fi) 
where 'd i s   t h e   s p e c i f i c   h e a t   r a t i o ,  i i s   t h e   d e s i g n   s t a -  

t i o n   i n d e x ,  r i s  a c o n v e r s i o n   f a c t o r ,  cp i s  t h e   s p e c i f i c  

heat a t   cons tan t   p ressure ,   and i s  t h e  gas constant .   Fur-  

t h e r ,  i f  t h e   d e s i g n   s t a t i o n  i s :  

a. a b lade row e x i t ,   c a l c u l a t e   t h e   a v e r a g e   s p e c i f i c  

heat   across  the  b lade  f rom 

where < i s  t he   b lade  r o w  index 

b. a s t a g e   e x i t ,   c a l c u l a t e   t h e   a v e r a g e   s p e c i f i c   h e a t  

across  the  s tage  f rom 

where <' i s   t h e   s t a g e   i n d e x  

c. a s p o o l   e x i t ,   c a l c u l a t e   t h e   a v e r a g e   s p e c i f i c   h e a t  

across  the  spool   f rom - 
C p /  s 12 (cp, ++TJ 

where i'' i s  the  spool   index  and +R' denotes   the   las t  

d e s i g n   s t a t i o n  of  the   spoo l  
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d. t h e   t u r b i n e   e x i t ,   c a l c u l a t e   t h e   a v e r a g e   s p e c i f i c  

h e a t   a c r o s s   t h e   t u r b i n e  from 

where b~ deno tes   t he   ave rage   tu rb ine   va lue ,  CP,,,& 
i s   t h e   s p e c i f i c   h e a t   a t   t h e   t u r b i n e   i n l e t ,   a n d  

c ~ , ~ c ~  i s   t h e   s p e c i f i c   h e a t   a t   t h e   t u r b i n e   e x i t .  

I n  each o f   t h e s e   s i t u a t i o n s   t h e   c o r r e s p o n d i n g   s p e c i f i c   h e a t  

r a t i o  d i s   c a l c u l a t e d   a s  above. F u r t h e r ,   v a l u e s   o f   r e l a t e d  

p a r a m e t e r s   u s e d   i n   t h e   c a l c u l a t i o n s   t o   f o l l o w   a r e   o b t a i n e d .  

12. STRIP - O b t a i n   t h e   i n i t i a l   e s t i m a t e   o f   t h e   r a d i a l   p o s i t i o n  

o f  each i n t e r i o r   s t r e a m l i n e   a t   t h e   d e s i g n   s t a t i o n   f r o m  

where t- i s   t h e   r a d i a l   p o s i t i o n  of  a s t r e a m l i n e ,  i i s   t h e  

d e s i g n   s t a t i o n   i n d e x ,  J i s   t h e   s t r e a m l i n e   i n d e x ,  I de- 

no tes   t he  hub s t reaml ine ,   and  %denotes   the   cas ing   s t ream-  

l i n e .  I t  can  be  seen t h a t   t h i s   f o r m u l a t i o n   r e s u l t s   i n   e a c h  

s t reamtube  hav ing   the  same annulus  area. 

13. TD2 - I f  t h e   d e s i g n   s t a t i o n   i s  a b l a d e   r o w   e x i t   a n d   t h e   i n -  

t e r n a l   l o s s   c o r r e l a t i o n   i s  employed, o b t a i n   t h e   i n i t i a l  es- 

t i m a t e   o f   t h e   p r e s s u r e - l o s s   c o e f f i c i e n t s   a n d   l o s s   g r a d i e n t s  

a t  each  s t reaml ine   f rom 

y'.'. = 0.05 f o r  a s t a t o r   e x i t  

yi z 0.10 f o r  a s t a g e   e x i t  j : I ,  2 ; -  . I% 

d $ ; = o  a+ 
where 'f i s   t h e   p r e s s u r e - l o s s   c o e f f i c i e n t ,  i i s   t h e   d e s i g n  

s ta t i on   i ndex ,   and  j i s   t h e   s t r e a m l i n e   i n d e x .  

14. TD2 - B e g i n   m a j o r   i t e r a t i o n   l o o p   o n   s t r e a m l i n e   p o s i t i o n s ;  

s teps  15 th rough  72   a re   per fo rmed  fo r   each  es t imate   o f  

s t r e a m l i n e   p o s i t i o n s   a n d   p r e s s u r e - l o s s   c o e f f i c i e n t s .  

15. STRVL2 - Begin  loop  on  s t reaml ines;   s teps 16 th rough  23 a r e  

pe r fo rmed   fo r   each   s t reaml ine  of  t h e   d e s i g n   s t a t i o n ,   p r o -  

ceed ing   f rom  the  hub t o   t h e   c a s i n g .  
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16. STRVL2 - In te rpo la te   t he   s t reaml ine   va lue   o f   t he   s t reaml ine  

a n g l e   o f   i n c l i n a t i o n  and curvature  from  the  values  speci- 

f i e d   i n   t h e   i n p u t   d a t a   o r   f r o m   t h e  hub or   cas ing  va lues 

c a l c u l a t e d   i n   s t e p  8. 
17. STRVL2 - I f  the  des ign  s ta t ion i s  t h e   t u r b i n e   i n l e t ,   i n t e r -  

po la te   t he   s t reaml ine   va lue   o f   t o ta l   t empera tu re ,   t o ta l  

pressure,  and f low  ang le   f rom  the   va lues   spec i f ied   in   the  

input   da ta ,   and  re tu rn   to   s tep  16 for  the  remaining  stream- 

l ines .   Fur ther ,  go t o  s tep   24   a f te r   the   las t   s t reaml ine  

has  been considered. 

18. STRVL2 - Ca lcu la te   t he   s t reaml ine   va lue   o f   t he   ad jo in ing  

ro to r   b lade   ve loc i t y   f rom 

where IA i s  the   ro to r   b lade  ve loc i ty ,  t, i s   the   des ign   s ta -  

t ion   index ,  J i s   the   s t reaml ine   index ,  A i s  t h e   r o t a t i v e  

speed of   the  spool ,  and T i s  t h e   r a d i a l   p o s i t i o n  o f  the 

stream1 i ne. 

19. STRVL2 - I f  the   des ign   s ta t i on   i s  a s t a t o r   e x i t ,  (a)  ob- 

ta in   t he   s t reaml ine   va lue   o f  the total   temperature  f rom 

where i s  the  to ta l   temperature,  < is   the   des ign   s ta -  

t ion   index ,  J i s  the s t r e a m 1  ine  index, and y denotes a 

value  which may have  been mod i f ied  i f  a coolant  schedule  or 

a mixing  schedule has  been spec i f i ed   i n   t he   i npu t   da ta ,  and 

(b )   in te rpo la te   the   s t reaml ine   va lue   o f   e i ther   the   mer id io -  

na l   ve loc i ty   gradient   or   f low  angle,   whichever   va lues have 

been s p e c i f i e d   i n   t h e   i n p u t  data. 

20.  STRVL2 - I f  the   des ign   s ta t ion  i s  a s tage   ex i t ,   i n te rpo la te  

the   s t reaml ine   va lue   o f   t he   mer id iona l   ve loc i t y   g rad ien t ,  

un less   rad ia l l y   cons tan t   work   ou tpu t  has  been s p e c i f i e d   f o r  

the  stage. 

21. STRVL2 - I f  pressure- loss   coe f f i c ien ts   a re   ca lcu la ted   f rom 

t h e   i n t e r n a l   l o s s   c o r r e l a t i o n   w i t h o u t   a d d i t i o n a l   l o s s   f a c t o r s ,  
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22. 

23. 

24. 

25 

26. 

27 

28. 

r e t u r n   t o   s t e p  16 fo r   the   remain ing   s t reaml ines .   Fur ther ,  

go t o   s t e p  24 a f t e r   t h e   l a s t   s t r e a m l i n e  has  been considered. 

STRVL2 - I n t e r p o l a t e   t h e   s t r e a m l i n e   v a l u e   o f   t h e   t o t a l -  

p ressu re - loss   coe f f i c i en t   o r   add i t i ona l   l oss   f ac to r   spec i -  

f i e d   i n   t h e   i n p u t   d a t a .  

STRVL2 - Return t o   s t e p  16 for   the  remain ing  s t reaml ines.  

A f t e r   t h e   l a s t   s t r e a m l i n e  has  been considered,   cont inue  wi th  

step 24. 

STRVL2 - I f  the   des ign   s ta t ion  i s  a s t a t o r   i n l e t ,   o b t a i n   t h e  

d e r i v a t i v e   w i t h   r e s p e c t   t o   r a d i a l   p o s i t i o n   o f  (a )   t he   i n le t  

total   temperature,   (b)   the  in let   f low  angle,   (c)   the  stream- 

l i n e   a n g l e   o f   i n c l i n a t i o n ,  and  (d)  the i n l e t   t o t a l   p r e s s u r e .  

STRVL2 - I f  the  des ign  s ta t ion i s  a s t a t o r   e x i t ,   o b t a i n   t h e  

d e r i v a t i v e   w i t h   r e s p e c t   t o   r a d i a l   p o s i t i o n   o f  (a )   the   to ta l  

temperature,  (b)  the  upstream  total  pressure,  and, i f  a f l o w  

a n g l e   d i s t r i b u t i o n  has been spec i f i ed   i n   t he   i npu t ,   o f   ( c )  

the   f low  ang le ,   and  (d )   the   s t reaml ine   ang le   o f   inc l ina t ion .  

STRVL2 - If the   des ign   s ta t i on   i s  a s tage   ex i t ,   ob ta in   t he  

d e r i v a t i v e   w i t h   r e s p e c t   t o   r a d i a l   p o s i t i o n   o f  (a)  the up- 

stream r e l a t i v e   t o t a l   p r e s s u r e ,  (b)   the  upst ream  re la t ive 

total  temperature,  (c)  the  upstream  total  temperature, and 

(d)  the  upstream  whir l   veloci ty.  

LBSCBR - Obtain new s t reaml ine   va lues   o f   to ta l -p ressure- loss  

c o e f f i c i e n t  and t h e i r   r a d i a l   d e r i v a t i v e s   f r o m   e i t h e r   i n t e r -  

po la t i on   o f   t he   i npu t   va lues  ( i f  ISPEC=O), o r ,   a f t e r   t h e  

f i r s t  pass on s t reaml ine   loca t ions ,   app l i ca t ion  o f  the  in-  

t e r n a l   c o r r e l a t i o n  ( i f  I S P E G 1  o r  2). Also,  i f  t h i s   i s  a 

"converged  pass",  check t h a t  stream1  ine  values o f   l o s s  co- 

e f f i c i e n t  have  converged,  and t r e a t   t h e  pass  as  unconverged 

i f  they  have  not. 

PBWER2 - I f  t h i s  i s  a s tage  ex i t ,   ob ta in   an   es t imate  of the 

meanline  total  temperature  drop  from 

a. i f  t h i s  i s  the  f i r s t  pass  through  the  loop  on 
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s t r e a m l i n e   p o s i t i o n  

where bTe i s   the   to ta l   tempera ture   d rop   across  a 

r o t o r ,  3'' i s  the  stage  index, f'r i s   t h e   f r a c t i o n  

o f  spool power output  produced  by a r o t o r ,  & i s  

the  spool power output,  and 1' i s   t h e   b l a d e  row 

index. 

1 

b. i f  t h i s   i s   t h e  second o r  subsequent  pass  through 

the   loop   on   s t reaml ine   pos i t ion  

to ta l   temperature  drop i s  w i t h i n   t h e   s p e c i f i e d   t o l e r a n c e   o f  

i t s   p rev ious   va lue ,  and t r e a t   t h e  pass  as  unconverged i f  i t  

i s  not. 

29. TD2 - I f  the   des ign   s ta t ion  i s  a s tage   ex i t ,   ca l cu la te  mean- 

l ine   va lues   o f   to ta l   tempera ture  and w h i r l   v e l o c i t y   f r o m  

30. VMNTL2 - I f  t h  

loop  on  stream 

the   mer id iona l  

a. when t 

s i s  t h e   f i r s t  pass  through  the  i terat ion 

i n e   p o s i t i o n ,   o b t a i n   t h e   i n i t i a l   e s t i m a t e  of 

v e l o c i t y   a t   t h e  mean st reaml ine as fo l l ows :  

he f l o w   a n g l e   i s  known 

c 0.4 f o r   t h e   t u r b i n e   i n l e t  

w h e r e h  = 0.8 f o r  a s u b s o n i c   s o l u t i o n   a t   s t a t o r   e x i t  

1.2 f o r  a superson ic   so lu t i on   a t  a s t a t o r  

ex; t 
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b.  When t h e   w h i r l   v e l o c i t y   i s  known 

1. a t  a s t a t o r   e x i t  

2. a t  a r o t o r   e x i t  

where  the  mer id ional   ve loc i ty  i s  l i m i t e d   t o   v a l u e s  

between Mach numbers o f  0.1 and 0.8; t h a t   i s  

where vm i s   t h e   m e r i d i o n a l   v e l o c i t y ,  i s  the  design  sta- 

t ion   index ,  m denotes  the mean streamline,  and 4 i s  the 

f low  angle.  I f  t h i s  i s  a subsequent  pass  through  the  i tera- 

t i on   l oop  on s t r e a m l i n e   p o s i t i o n ,   s e t   t h e   e s t i m a t e   o f   t h e  

m e r i d i o n a l   v e l o c i t y   a t   t h e  mean s t reaml ine   equa l   to   the  

las t   va lue   f rom  the   p rev ious  pass. 

31. TD2 - Beg in   m ino r   i t e ra t i on   l oop   t o   sa t i s f y   con t i nu i t y .  

Steps 32 through 49 are  per formed  for  each est imate o f  the 

m e r i d i o n a l   v e l o c i t y   a t   t h e  mean streamline. 

32. START - Obtain  the  remaining components o f   t h e   s o l u t i o n  vec- 

t o r ,  3 , def ined as 

3 = ( L ,  \ p.lu,,agT-,\, 
a t   t h e  mean streamline,  based on the   cur ren t   va lues   o f  mean- 

l i n e   m e r i d i o n a l   v e l o c i t y  (-3 ) ,  meanl ine  total-pressure- 
I 

l o s s   c o e f f i c i e n t ,  and meanline  total  temperature  drop  (where 

app l icab le ) ,   f rom 

a. a t   s t a t o r   i n l e t   d e s i g n   s t a t i o n s  

b. a t   s t a i o r   e x i t   d e s i g n   s t a t i o n s  

Y Z  
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(- = (vua, i f  a g r a d i e n t   o f   m e r i d i o n a l   v e l o c i t y  

c. a t   r o t o r   e x i t   d e s i g n   s t a t i o n s  

33. RADEQ2 - Begin  loop on streamlines;  steps 34 through 42 a re  

performed  for  each  streamline, f i r s t  proceeding  from  the 

mean s t reaml ine   t o   t he  hub and  then  proceeding  from  the mean 

loop on stages  of  the  Runge-Kutta  determination 

r i d i o n a l   v e l o c i t y   a t   t h e   f o l l o w i n g   s t r e a m l i n e .  

through 41 are  per formed  for  each o f   t he   f ou r  s 

ues o f   r a d i a l   p o s i t i o n  and  mer id ional   ve loc i ty ;  

s e t   b e i n g   t h e   r a d i a l   p o s i t i o n  and  meridional ve 

t h e   s t r e a m l i n e   i t s e l f .  

35. DERIV2 - I f  the   s t reaml ine  i s  the  hub o r   cas ing  

s t reaml ine   to   the   cas ing .  

34. RUNGA2 - I f  the   s t reaml ine   i s   no t   t he  hub or  casing,  begin 

o f   t h e  me- 

Steps 35 
e t s   o f   v a l -  

the f i r s t  

l o c i t y   o f  

streamline, 

go t o   s t e p  40. Otherwise, s e t  t h e   c o e f f i c i e n t s  of t h e   f i r s t  

equa t ion   i n   t he  s e t  o f   equa t ions   used   t o   sa t i s f y   rad ia l  

e q u i l i b i r u m   ( t h e   r a d i a l   e q u i l i b r i u m   e q u a t i o n   i t s e l f )  as 

f o l  lows: 

C,, = Q V w i  
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36. D E R I V 2  - S e t   t h e   c o e f f i c i e n t s  of  the  second  equation  used 

t o   s a t i s f y   r a d i a l   e q u i l i b r i u m   ( t h e   p r e s s u r e - l o s s   e q u a t i o n )  

as   fo l lows:  

a. a t   s t a t o r   i n l e t   d e s i g n   s t a t i o n s  

cu = 0 

c&2= t . Q  

c23 r 0 
czrc =o 

b. a t   s t a t o r   e x i t   d e s i g n   s t a t i o n s  

c. a t  rotor e x i t   d e s i g n   s t a t i o n s  
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where 

and 

37. DER IV2 

s a t  i s f !  

- S e t   t h e   c o e f f i c i e n t s   o f   t h e   t h i r d   e q u a t  

y r a d i a l   e q u i l i b r i u m   ( t h e   m e r i d i o n a l   v e l o c  

as   f o l l ows :  

a. a t   s t a t o r   i n l e t   d e s i g n   s t a t i o n s ,  and a t  

des ign   s ta t i ons   where  a d i s t r i b u t i o n  o f  

has  been s p e c i f i e d  

i o n   u s e d   t o  

i t y  equa t i on) 

s t a t o r   e x i t  

f low angl'e 
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b. a t   s t a t o r   a n d   s t a g e   e x i t   d e s i g n   s t a t i o n s   w h e r e  

g r a d i e n t s  of m e r i d i o n a l   v e l o c i t y   h a v e   b e e n   s p e c i -  

c. a t   s t a g e   e x i t   d e s i g n   s t a t i o n s   w h e r e   r a d i a l l y   c o n -  

s t a n t  ro tor  work o u t p u t   h a s   b e e n   s p e c i f i e d  

I v2  38. DER 

s a t  

f o l  

C'JI = 
c32 = Q 
c31= 0 
c39 = loi * 
c 3 g  = dr 

- 
d T o < - B  

S e t   c o e f f i c i e n t s  of t h e   f i n a l   e q u a t i o n   u s e d  t o  

i s f y   r a d i a l   e q u i l i b r i u m   ( t h e   E u l e r  work equa t ion )   as  

lows : 

a. a t   s t a t o r   i n l e t   a n d   e x i t   d e s i g n   s t a t i o n s  

CQ, = 0 
c92 =6 
C4f = 0 

c44. - - T o %  

c,, = d X ,  a? 
b. a t   s t a g e   e x i t   d e s i g n   s t a t i o n s  

cy1 = 0 
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mass f low  in tegrand  f rom 

and i f  the   s t reaml ine   i s   the  hub, r e t u r n   t o   s t e p  34 f o r  

the  outward  integrat ion  f rom  meanl ine  to  casing.  Otherwise, 

go t o   s t e p  43. 
41. RUNGA2 - Subst i tu te   the  obta ined  va lues  o f  t h e  d e r i v a t i v e s  

o f   t h e   f o u r  unknowns i n t o   t h e  Runge-Kutta  formulation  and 

r e t u r n   t o   s t e p  35 fo r   the   remain ing   s tages   o f   the   ca lcu la -  

t i on   o f   t he   so lu t i on   vec to r   a t   t he   f o l l ow ing   s t reaml ine .  

42. RADEQ2 - A f t e r  t h e   c a l c u l a t i o n   o f   t h e   s o l u t i o n   v e c t o r   a t  

t he   f o l l ow ing   s t reaml ine  i s  complete,   re turn  to   s tep 34 
for   the  remain ing  s t reaml ines.  

43. RADEQ2 - CalcAlate  s t reaml ine  va lues  o f   the mass f low  func-  

us ing  numer ica l   in tegrat ion.  

44. TD2 - I f  requ i red ,   p r in t   the   resu  

t h e  cont inu i ty   loop .  

I t s  o f   t h e  pass through 

45. TD2 - O b t a i n   t h e   r a t i o   o f   c a l c u l a t e d  mass f l o w  LIJlh t o   s p e c i -  

f i e d  mass f l o w  ‘%+ a t   t h e   d e s i g n   s t a t i o n  and, i f  t h i s   i s  

the f i r s t  pass  through  the  cont inu i ty   loop,  go t o   s t e p  48. 
46. TD2 - I f c o n t i n u i   t y  i s  s a t i s f i e d  and [V,,,i)w has  converged, 

bo th   w i th in   the   a l lowab le   to le rance,  go t o   s t e p  50. 

47. TD2 - I f  the   s ign   o f   the   s lope o f  the mass f l ow  versus(\/,)m 

curve has  changed four   t imes,   or  i f  the maximum number o f ’  

passes  through  the  minor   i terat ion  loop has  been  exceeded, 

t h e n   t h i s   i s   t h e   l a s t  pass  before  abandoning  the  analysis 

o f   t he   t u rb ine ;  go t o   s t e p  52. 
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48. VMSUB2 - Obtain a new e s t i m a t e   o f  (Vwi)H. If t h i s   i s   t h e  

f i r s t   e s t i m a t e  of hh,)- , then  (a) 

when a s u p e r s o n i c   s o l u t i o n   i s   d e s i r e d   f o r  a s p e c i f i e d   f l o w  

angle,   or   (b)   otherwise 

where 0.833 4 QTi,/‘Jk $ 1  - 2 .  I f  there  have been several  es- 

t imates o f  (V,.,;) ,.,, , then  (a) 

when U,,, = W i n , o [ d .  I t should  be  noted  that  (~k;)r.,o(a 
and W,v,crfd denote  the  previous  values  of  &,,,i), and ax,, 
respec t ive ly .  

49. TD2 - Return  to   s tep 32 w i t h   t h e  new est imate o f  (,V!!b . 
50. TD2 - I f  t h i s  i s   t h e  converged  pass  through  the  streamline 

pos i t ion   loop ,  go t o   s t e p  52. Fur ther ,  i f  the maximum  num- 

ber  o f  passes  through  the  loop on s t reaml ine   pos i t i on  has 

been  exceeded, assume t h a t   t h i s   i s  a converged  pass  and go 

t o   s t e p  52. 

51. TD2 - If t h e   r e s u l t s  of each  pass  through  the  streamline 

pos i t ion   loop   a re   no t   to   be   p r in ted ,  go t o   s t e p  71. 
52. REMAN2 - Begin  output  loop on streamlines;  steps 53 through 

58 are  per formed  for   each  s t reaml ine  o f   the  des ign  s ta t ion,  

proceeding  from  the hub to   t he   cas ing .  

53. REMAN2 - C a l c u l a t e   t h e   a b s o l u t e   v e l o c i t y ,   a x i a l   v e l o c i t y ,  

s ta t i c   tempera ture ,   s ta t i c   p ressure ,  and  absolute Mach 
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number from respect ive ly ,  

l r b i n e   i n l e t ,   r e t u r n  

t o   s t e p  53 fo r   t he   rema in ing   s t reaml ines ;   a f te r   t he   l as t  

s t reaml ine  has  been considered, go t o   s t e p  60 i f  t h i s   i s  

the  converged  pass  of  the  major  i terat ion  loop  or,  other- 

wise, go t o   s t e p  69. 
55. REMAN2 - C a l c u l a t e   t h e   r e l a t i v e   v e l o c i t y ,   r e l a t i v e  Mach 

number, r e l a t i v e   t o t a l   t e m p e r a t u r e ,   r e l a t i v e   t o t a l   p r e s s u r e ,  

and re la t i ve   f l ow   ang le   f rom,   respec t i ve l y ,  

the  b lade row e f f i c i e n c y   f r o m  - .  

V,,, j 
i f  t h i s  i s  the  converged  pass o f   t he   ma jo r   i t e ra t i on   l oop ;  

ca lcu la te   the   abso lu te   f low  ang le   f rom 

vq, J 

i f  t h e   t a n g e n t i a l   v e l o c i t y   i s   s p e c i f i e d ;  and r e t u r n   t o   s t e p  

53 for   the  remain ing  s t reaml ines.  A f t e r  t he   l as t   s t reaml ine  
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has  been considered, go to step 60 if this is the converged 
pass  of  the  major  iteration  loop or, otherwise, go to step 
69 

57. REMAN2 - For a design station which is a stage exit, calcu- 
late  the  blade row efficiency from 

calculate the absolute flow anglk from 

and, if this is not  the converged pass  of  the major itera- 
tion loop,  return to step 53 for the remaining streamlines 
or go to step 69 after the last streamline has  been con- 
s i dered. 

58. R E W N 2  - For a converged pass o f  the  major  iteration loop 
at a stage exit, calculate the  reaction from 

and calculate the  isentropic stage and rotor efficiency 
from, respectively, 

and return to step 53 for the  remaining streamlines or simply 
continue with step 59 after the last streamline has  been 
cons i dered. 

59. SETUP2 - If this is the last design station of a spool, go 
to step 64. 

60. SETUP2 - I f  mixing is specified, modified streamline values 
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of the absolute total pressure  and absolute total tempera- 
ture which will be used as the upstream conditions for the 
next design station are calculated using numerical  integra- 
tion from, respectively, 

where 

and bc is the  index of the  next  design station(k=i+l), * 
denotes a value which may  have  been  modified to include  the 
effect of interfilament mixing, L' is  the blade row index 
and denotes the  blade row upstream of design  station k , 
and X,  is the mixing coefficient. If &'~,;#dw'= o or 
if mixing is  not specified, then 

61. SETUP2 - I f  a coolant schedule i s  specified which includes 
the coolant total temperature, streamline values of the 
absolute total temperature which will  be  used as the up- 
stream condition for the  next design station are again 
modified as follows: 

x *  u,-i  (.X:b.Jj +- w,< ( T a c k  (T&..Jj = .. ._ 

W r i  + WCI' 

where h is the index of the  next desi  gn stat ion Ck- I+ I , ** 
denotes a value  which  may  have  been  modified to include the 
effects of  interfi  lament 3ixing and cooling, x' is the  blade 
row  index  and denotes the  blade row upstream of design sta- 
tion k , and is the absolute total temperature of the 
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coo lan t .  

62. SETUP2 - I f  t h e   d e s i g n   s t a t i o n   i s   n o t  a s t a t o r   e x i t ,   s e t  

t he   f o l l ow ing   s t reaml ine   va lues   wh ich  will be  used  as  up- 

s t ream  cond i t i ons  f o r  t h e   n e x t   d e s i g n   s t a t i o n  

and go t o   s t e p  64 
I 

63. SETUP2 - I f  t h e   d e s i g n   s t a t i o n   i s  a s t a t o r   e x i t ,   ( a )   s e t   t h e  

fo l l ow ing   s t reaml ine   va lues   wh ich  will be  used  as  upstream 

( b )   c a l c u l a t e   t h e   f o l l o w i n g  

used  as  upstream  condi t ions 

s t reaml ine   va lues   wh ich  will be 

f o r   t h e   n e x t   d e s i g n   s t a t i o n  

+ Vi., - Vi, 
23' J-c+ 

L 

and go t o   s t e p  65 
64. SETUP2 - U s i n g   n u m e r i c a l   i n t e g r a t i o n ,   o b t a i n  mass averaged 

v a l u e s   a t   t h e   d e s i g n   s t a t i o n   o f   t h e   a b s o l u t e   t o t a l   t e m p e r a -  

tu re   and   abso lu te   t o ta l   p ressu re   f rom - \ Po, = 1. eid" 

and, i f  t h e   d e s i g n   s t a t i o n   i s  a s t a g e   e x i t ,   t h e   s t a t i c   p r e s -  

su re   and   t he   d rop   i n   abso lu te   t o ta l   t empera tu re   ac ross   t he  

r o t o r  f rom 1 - 
P, = s, P; d w '  

F u r t h e r ,  i f  t h e   d e s i g n   s t a t i o n   i s  a s p o o l   i n l e t ,  go t o  s tep  

69 
65. SETUP2 - U s i n g   n u m e r i c a l   i n t e g r a t i o n ,   o b t a i n  mass averaged 
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values at the  blade row exit of the  blade  velocity  and the 
blade  row  efficiency from 

- & q d w '  u, ", 
I 

Further, if the  design station is a stator exit, go to 

step 69. 
66. SETUP2 - For a stage exit, calculate mass averaged values 

of (a) the stage work output, power output, blade velocity, 
and  blade-to-jet  speed ratio from, respectively, 

and ( 6 )  the stage total efficiency  and  static  efficiency 
from, respectively, either 

if a coolant temperature schedule i s  provided. 
67. SETUP2 - If the stage exit is also a spool exit, calculate 

mass averaged values  of (a) the spool work output, power 
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o u t p u t ,   t o t a l - t o - t o t a l   p r e s s u r e   r a t i o ,   t o t a l - t o - s t a t i c   p r e s -  

s u r e   r a t i o ,   a n d   b l a d e - t o - j e t  speed r a t i o   f r o m ,   r e s p e c t i v e l y ,  

and ( b )  t h e   s p o o l   t o t a l   e f f i c i e n c y   a n d   s t a t i c   e f f i c i e n c y  

f r o m ,   r e s p e c t i v e l y ,   e i t h e r  

i f  a coo lan t   t empera tu re   schedu le   i s   no t   p rov ided ,   o r  - 

s p o o l   t u r b i n e ,   c a l c u l a t e  mass averaged  values  of 

i f  a coo lan t   tempera ture   schedu le   i s   p rov ided.  

68. SETUP2 - I f  t h e   s t a g e   e x i t   i s   a l s o   t h e   e x i t   o f  a m u l t i -  

t h e  

r e s -  

l o c i   t y ,  

ove r -a l l   wo rk   ou tpu t ,   power   ou tpu t ,   t o ta l - t o - to ta  

s u r e   r a t i o ,   t o t a l - t o - s t a t i c   p r e s s u r e   r a t i o ,   b l a d e  

a n d   b l a d e - t o - j e t   s p e e d   r a t i o   f r o m ,   r e s p e c t i v e l y ,  

(a> 

1 P  
ve 
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69. OUTPUT - Conver t   t he   ou tpu t   i t ems   i n to   t he   o r i g ina l   un i t s  

o f   t he   i npu t   da ta ,   p r i n t   t he   des ign   s ta t i on   ou tpu t ,  and r e -  

conver t   the  output   i tems  in to  a cons is ten t   se t   o f   un i t s .  

70. TD2 - I f  t h i s  i s  the  converged  pass  of  the  streamline  posi- 

t i on   l oop ,  go t o   s t e p  73. I f  t h i s  i s  t h e   l a s t  pass before 

abandoning  the  analysis of the  turb ine,  go t o   s t e p  77. Other- 

wise,   s imply   cont inue  wi th   s tep 71. 
71. TD2 - Obtain new e s t i m a t e s   o f   s t r e a m l i n e   p o s i t i o n   a t   t h e  de- 

s ign   sLa t ion   t h rough   i n te rpo la t i on   o f   t he   cu rve   o f   rad ia l  

pos i t ion   versus   ca lcu la ted  mass f l ow   func t i on   f o r   t hose  

values of radius  which  g ive  equal   increments  in  the mass 

f low  funct ion.   Further,   check  whether  the  values  of   stream- 

l i n e   p o s i t i o n  have converged w i th in   t he   a l l owab le   t o le rance .  

72. TD2 - Re tu rn   t o   s tep  15 f o r  the converged  pass of   the  major 

i t e r a t i o n   l o o p   o r   s i m p l y   f o r  a new pass  through  the  major 

i t e r a t i o n  loop. 

12 3 



73 9 

74 
75 

76. 

77. 

TD2 - Re tu rn   t o   s tep  10 fo r   t he   nex t   des ign   s ta t i on   o f   t he  

spoo l .   A f te r   t he   l as t   des ign   s ta t i on  has  been considered, 

s imply   cont inue wi th  step 74. 
TD2 - I f  the   t u rb ine  has  more than one spool, go t o   s t e p  76. 
TD2 - I f  there   a re   remain ing   se ts   o f   ana lys is   var iab les   to  

be cons ide red ,   reconver t   t he   i npu t   da ta   i n to   i t s   o r i g ina l  

u n i t s  and r e t u r n   t o   s t e p  6. Otherwise, go t o   s t e p  77. 
T D 2 . -  Return   to   s tep  6 for   the  remain ing  spools   o f   the  tur -  

l y  con- 

lyzed. 

Numerical  Techniques 

The standard  numerical  techniques  used i n  Program TD2 a r e  d i s -  

cussed  below. The techniques  discussed  are:   interpolat ion  and  extrapola- 

t ion,   numer ica l   d i f ferent ia t ion,   numer ica l   in tegrat ion,   the  Runge-Kut ta  

method f o r   t h e   s o l u t i o n   o f   o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s ,  and  the  solu- 

t ion   o f   s imu l taneous  l inear   equat ions .  

I n t e r p o l a t i o n  and Ex t rapo la t i on  

I n t e r p o l a t i o n   o r   e x t r a p o l a t i o n   i s   p e r f o r m e d  when a f u n c t i o n   i s  

t o  be eva lua ted   f o r  a spec i f i c   va lue   o f   the   independent   var iab le   f rom 

t a b u l a r   e n t r i e s   o f  dependent  versus  independent  variable. I f  the  spe- 

c i f i c   va lue   o f   the   independent   var iab le  i s  w i th in   t he   range   o f   t he   i nde -  

pendent  var iable  as  expressed  in  the  table,   interpolat ion  is   performed; 

i f  no t ,   ex t rapo la t i on  i s  performed. 

The in te rpo la t i on   wh ich  i s  performed i s  always  parabol ic  unless 

there  are  less  than  three  tabular   ent r ies.  I f  there   a re   on ly   two  tabu la r  

e n t r i e s ,   l i n e a r   i n t e r p o l a t i o n  i s  performed.  With  only one tabu la r   en t ry ,  

the  value  of   the  dependent  var iable i s  assumed c o n s t a n t   f o r   a l l   v a l u e s  of  

the  independent  var iable.   Extrapolat ion,   on  the  other hand, i s  always 

l i n e a r   u n l e s s   t h e r e   i s   o n l y  one tabu la r   en t ry .  The f o l l o w i n g  nomencla- 

t u r e  will be  used i n   t h e   i n t e r p o l a t i o n  and ex t rapo la t ion   fo rmulas   g iven  

below: 
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5 = in te rpo la ted   o r   ex t rapo la ted   va lue   o f   t he  dependent v a r i -  

ab1 e 

Xp = value o f  the   independent   var iab le   a t   wh ich   in te rpo la t ion  

o r   e x t r a p o l a t i o n   i s   d e s i r e d  

~ - l , ~ ~ i ~ ~ , ,  = th ree   consecu t i ve   t abu la r   en t r i es   o f   t he  dependent v a r i -  

%-$ xl,xL+l = th ree   consecut ive   tabu la r   en t r ies   o f   the   independent   var i -  

ab le   co r respond ing   t o  %x"I , X i ,  and x, ,~ , respec t i ve l y  

ab le  

The fo rmu la   used   f o r   pa rabo l i c   i n te rpo la t i on   i s :  

where 

and Xi i s   t h e   t a b u l a r   e n t r y   o f   t h e   i n d e p e n d e n t   v a r i a b l e   w h i c h   i s   n e a r e s t  

t o  Xp . (However, s ince a tabu la r   en t r y  on e i t h e r   s i d e  of %; i s  neces- 

sary, AL i s   n o t  a1 lowed t o  be t h e   f i r s t   o r   l a s t   e n t r y   i n   t h e   t a b l e . )  The 

formula used f o r   l i n e a r   i n t e r p o l a t i o n   o r   e x t r a p o l a t i o n  i s :  

where YX-\ g % p $ > < i  f o r   i n t e r p o l a t i o n ,  and e i t h e r  i s  t h e   f i r s t  

o r  x; i s   t h e   l a s t   t a b u l a r   e n t r y   f o r   e x t r a p o l a t i o n .  

Pa rabo l i c ,   ra the r   t han   l i nea r ,   i n te rpo la t i on  was s e l e c t e d   f o r  

the  program so t h a t   t y p i c a l   v a r i a t i o n s   i n   t h e   a n a l y s i s   v a r i a b l e s  can  be 

rep resehed   accu ra te l y   w i th   re la t i ve l y   f ew   da ta   po in ts .  However, s ince 

t h i s   i n t e r p o l a t i o n   i s  used to   ass ign   va lues   t o   t he   s t reaml ine   quan t i t i es ,  

it i s  recommended t h a t  whenever  more than  two  i tems  a re   spec i f ied   fo r  any 

o f   the   p rogram  input   quant i t ies ,  t h e  user  should  consider  the manner i n  

which  these  data will be in te rp re ted   by   t he  program. 
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Numerical D i f f e r e n t i a t i o n  

Numerical d i f f e r e n t i a t i o n   i s   p e r f o r m e d  to  ob ta in   s t reami ine   va l -  

ues of t h e   d e r i v a t i v e   o f  a func t i on   w i th   respec t   t o   t he   i ndependen t   va r i -  

a b l e   f r o m   t a b u l a r   e n t r i e s   o f   t h e   f u n c t i o n  and the  independent   var iab le  a t  

each  streamline. The va lues   a re   found  by   d i f fe ren t ia t ing  a second-order 

cu rve   wh ich   i s   f i t t ed   t o   t he   s t reaml ine   va lues   o f   t he   f unc t i on .   Us ing  

the  nomenclature  given above, the  formulas  used t o   o b t a i n   t h e   d e r i v a t i v e s  

are:  

(a) f o r   i n t e r i o r   s t r e a m l i n e s  

(%)i 
= a (x,- x,_,) i- ( w x d  

(x7 - x%-,) 
(b)  f o r   t h e  hub s t reaml ine 

(c )   fo r   the   cas ing   s t reaml ine  

where 

Numerical   Integrat ion ~~ ~ 

Numer ica l   in tegrat ion i s  performed when a func t ion ,   say f  , i s  

t o  be integrated  across  the  annulus  at  a des ign  s ta t ion.  The independent 

v a r i a b l e  may be   t he   rad ia l   pos i t i on ,  f , or  the  nondimensional mass f l o w  

func t i on ,  W'. The va lue   o f   the   in tegra l  i s  obta ined  f rom  the  t rapezoidal  

r u l e  so  t h a t  f i s  replaced by a ser ies  of   chords;   the  chords  connect  ad- 

jacent   s t reaml ine   va lues   o f   the   func t ion .  Hence, i f  + i s  the  inc,?pti;ae,rt 

var iab le.   then 

where the  subscr ip ts  I and n denote  the hub and cas ing  s t reaml ines,   re-  

spec t ive ly .  I f  m' i s  the  independent  variable,  the  expression becomes 
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Runge-Kutta  Method 

The  Runge-Kutta  method f o r   t h e   s o l u t i o n  of  s imu l taneous  o rd inary  

d i f f e r e n t i a l   e q u a t i o n s   i s   u s e d   t o   d e t e r m i n e   t h e   r e m a i n i n g   s t r e a m l i n e   v a l -  

ues o f   t h e   p r i n c i p a l  unknowns ( m e r i d i o n a l   v e l o c i t y ,   t o t a l   p r e s s u r e ,   t a n -  

g e n t i a l   v e l o c i t y , . a n d   t o t a l   t e m p e r a t u r e ) ,   b a s e d   o n   t h e i r   v a l u e s   a t   t h e  

mean s t r e a m l i n e .   T h e   e q u a t i o n s   a r e   o f   t h e  form 

where 

3 3  = Vk 
3 y = ( O ~ T ,  

The 4, a r e   o b t a i n e d   f r o m   t h e   s i m u l t a n e o u s   s o l u t i o n   o f   t h e   r a d i a l   e q u i l i b -  

r i u m   e q u a t i o n   a n d   t h e   t h r e e   s u b s i d i a r y   d i f f e r e n t i a l   e q u a t i o n s .  

G iven  the   va lues  of t h e  J~ a t  one  stream1  ine, yi, , t h e  unknown 

v a l u e s   a t   t h e   a d j a c e n t   s t r e a m l i n e ,  J,,+ , are   de te rm ined   i n   f ou r   s tages .  

Each  stage i s  repea ted   f ou r   t imes   be fo re   p roceed ing   t o   t he   nex t ,   once   f o r  

each   o f   t he  unknowns, s i  nce  each o f  t h e  r ,equ i   red   der iva t ives  (fi) de- 

pends  on  the  values of  a l l   t h e  unknowns. 

where 
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where 

where 

The  above i s  known as  the Gill procedure; it possesses  the  refinement, by 

i n t roduc ing  1. and e,, t h a t  some of  the  round-of f   errors  accumulated 

du r ing  each  step  are  canceled. The method  used i s  based  on t h a t   g i v e n   i n  

Reference 3 .  

So lu t i on  o f  Simultaneous  Linear  Equations 

The numer ica l   so lu t ion   o f  a set   of   s imultaneous  l inear  equat ions 

i s  obtained  by  the  method known as  the Gauss Reduct ion.   That  is ,   the  set  

o f   equat ions i s  t r i a n g u l a r i z e d  and, there fore ,   the   f ina l   equat ion  o f  the 

set  i s  reduced t o  one unknown. A f t e r   t h a t  unknown has been evaluated,  the 

remaining unknowns are  found  by  back  subst i tu t ion  in to   the  o ther  equa- 

t i ons .  I t  should be no ted   tha t   dur ing   the   t r iangu lar iza t ion   p rocedure ,  

the  order  of   the  equat ions may be changed t o  maximize  the  leading  coef f i -  

c i e n t   i n  each equation  and  thereby  increase  the  accuracy o f  the  so lu t ion.  
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APPENDIX I V  

C$MM@N  FORTRAN  NOMENCLATURE 

The fo l l ow ing   t ab les   g i ve   t he   Fo r t ran   nomenc la tu re   f o r   t he   b lank  

and  labeled  blocks of  CBMMPIN. There  are  twelve  b locks  of   labeled CBMM0N 

i n   a d d i t i o n   t o   b l a n k  CBMMBN. S ing l y  and  doubly  subscripted  arrays  are  in- 

d icated  by  ind ices I t o  N; the  nomenclature  for  these i s  as fo l lows:  

I 

J 

K 

Design  s ta t ion  index 

Streamline  index 

Radia l   pos i t ion  index 

L Stator ,   ro tor ,   or   s tage  index 

Fo r t   ran  
Svmbo 1 

I BR 

I CgNV 

I C@0L 

I DLETE 

M 

N 

Blade row index 

Stat ion  index 

Nomenclature fo r   B lank  CPIMMBN 

Symbo 1 Desc r ip t i on  

i' Blade row index 

Ind i ca to r :  
IC@NV=O, p r i m a r i l y ,  i f  a con- 
ve rged   so lu t i on   a t  a design 
s t a t i o n  has no t   ye t  been ob- 
t a  i ned 
ICBNV=l, p r i m a r i l y ,  i f  a con- 
ve rged   so lu t i on   a t  a design 
s t a t i o n  has  been obta ined 

Un i t s  
" 

Ind ica to r :  
IC00L=O i f  a coolant  schedule 
i s  n o t   s p e c i f i e d   i n   t h e   i n p u t  
data 
IC0BL=l i f  a coolant  mass f l o w  
schedule i s  s p e c i f i e d   i n   t h e  
i nput  data 
lC00L=2 i f  a coo lan t  mass f low 
and total   temperature  schedule 
i s  s p e c i f i e d   i n   t h e   i n p u t   d a t a  " 

Ind ica to r :  
IDLETE=O i f  only  the  converged 
r e s u l t s  of t h e   i t e r a t i o n   l o o p  on 
s t r e a m l i n e   p o s i t i o n   a r e   t o  be 
p r i n t e d   a t  each  design  stat ion 
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Fortran 
Symbo 1 Symbo 1 

I DS 

I LLPr0P 

I L00P 

IMlX 

I P0FS 

I SAV 

I S0N 

I SPEC 

L 

Description 

IDLETE=l if the results of each 
pass through the  iteration  loop 
on streamlines are to be  printed 

Design station index 

Pass index of the  iteration loop 
on meridional  velocity  at  the 
mean  st ream1 i ne 

Pass index of the  iteration loop 
on streamline position 

Indicator: 
IMIX=O if a  m 
not specified 
IMIX=l if a m 
specified in 

Indicator: . 

ixing schedule is 

ixing schedule is 
the input data 

in the input data 

IP!JFS=O if radially constant 
work output i s  specified at  a 
rotor-exit  design  station 
IPgFS=l if values of meridional 
velocity gradient are specified 
as  a function of  radius at a 
rotor-exi t design station 

Spool  index or, if there is only 
one spool, index of the sets of 
analysis variables 

Indicator: 
IS@N=O if a subsonic solution is 
desi  red at  a stator exit 
ISgN=l if a supersonic solution 
is desired at a stator  exit 

Indicator: 
ISPEC=O if values of total- 
pressure-loss coefficient as a 
function o f  radius are speci- 
fied at each  blade  row exit 
ISPEC=l if streamline values 
of pressure-loss coefficient 
are calculated from the 
internal correlation without 
an additional loss factor at 
each blade  row  exit 
ISPEC=2 if streamline values 
of pressure-loss coefficients 

Units 
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F o r t r a n  
Symbol 

I S R l  

I STG 

I WRLS 

Symbol 

i" 

I 

ND STAT "n 

NL I NES n 

1 

NSPBflL n 
NSTG 

NTAP E 

NTUBES n- I 

D e s c r i p t i o n  

a r e   c a l c u l a t e d  from t h e  in-  
t e r n a l   c o r r e l a t i o n  w i t h  a n  
a d d i t i o n a l  loss f a c t o r   a t  
each   b lade  row e x i t  

I n d i c a t o r :  
ISRI=l i f  a d e s i g n   s t a t i o n   i s  
a s t a t o r   e x i  t 
ISRI=2 i f  a d e s i g n   s t a t i o n   i s  
a s t a g e   e x i t  
I S R I = 3  i f  a d e s i g n   s t a t i o n   i s  
t h e   i n l e t  of  t h e   t u r b i n e  
.ISRI=k i f  a d e s i g n   s t a t i o n   i s  
t h e   i n l e t  o f  a subsequent 
s PO0 1 

Stage i ndex 

I n d i c a t o r :  
IWRLS=O i f  v a l u e s  o f  m e r i d i o n a l  
v e l o c i t y   g r a d i e n t   a s  a f u n c -  
t i o n  o f  r a d i u s   a r e   s p e c i f i e d  
a t  a s t a t o r - e x i  t d e s i g n   s t a -  
t i o n  
IWRLS=l i f  va lues  o f  f l ow  a n g l e  
as a f u n c t i o n  o f  r a d i u s   a r e  
s p e c i f i e d   a t  a s t a t o r - e x i t   d e -  
s i g n   s t a t i o n   a n d  a subson ic  
s o l u t i o n   i s   d e s i r e d  
IWRLS=2 i f  v a l u e s  o f  f low a n g l e  
as  a f u n c t i o n  o f  r a d i u s   a r e  
s p e c i f i e d   a t  a s t a t o r - e x i t  de- 
s i g n   s t a t i o n   a n d  a superson ic  
s o l u t i o n   i s   d e s i r e d  

Number o f   d e s i g n   s t a t i o n s   o n  a 
s PO0 1 

Number o f  s t r e a m l i n e s   u s e d   i n  
t h e   c a l c u l a t i o n s   ( i n c l u d i n g  
t h e   h u b   a n d   c a s i n g   s t r e a m l i n e s )  

Number o f  s p o o l s  

Number o f  s tages  on a spoo l  

Ou tpu t   t ape  number 

Number o f  s t reamtubes  used 
i n   t h e   c a l c u l a t i o n s  

U n i t s  

" 

" 

" 

" 

" 

" 

" 

" 

" 
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Nomenclature for CBMMBN/CBMl/ 

Fortran 
Symbo 1 

AY (J)  

BET (J) 

BETR (J) 

BREFF ( J) 

CRV (J) 

DFLBW (J) 

EFFR ( J)  

EFFS (J) 

EM(J) 

EMR ( J) 

FAC L ( J) 

GRND (J) 

Description 

Streamline values of the stream- 
line angle of inclination at  a 
design station 

Streamline values of the abso- 
lute flow  angle  at  a design 
station 

Streamline values of the rela- 
tive flow  angle  at  a blade row 
exit 

Streamline values of the blade 
row efficiency at a blade row 
exit 

Streamline values of the stream- 
line curvature  at  a design sta- 
tion 
Streamline values of  the calcu- 
lated mass flow function at a 
design station 

Streamline values of the rotor 
isentropic efficiency at  a 
stage exit 

Streamline values of the stage 
isentropic efficiency at a 
stage exit 

Streamline values of  the abso- 
lute Mach number at  a design 
station 

Streamline values of the rela- 
tive Mach number at  a blade 
row exi t 

Streamline values of the total- 
pressure-loss coefficient or 
the additional loss factor used 
in conjunction with the internal 
loss correlation at  a blade row 
exit 

Streamline values of the inte- 
grand appearing in the conti- 
nuity equation for nonuniform 
flow  at  a design station 

Units 

rad, deg 

rad, deg 

rad, deg 

" 

per ft, per 
In 

lbm  per sec 

" 

" 

" 

" 

" 

lbm  per ft 
sec 
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Descr i pt i on 
Streamline values  of  the 
static pressure at  a design 
station 
Streamline values of the ab- 
solute total pressure at a de- 
sign station 
Streamline values of the  rela- 
tive total pressure at a blade 
row exi t 
Streamline values of the  reac- 
tion at a blade row exit 
Streamline values  of  the  static 
temperature at  a design station 
Streamline values of the abso- 
lute  total temperature at a 
design station 

Streamline values of the rela- 
ti ve tota 1 temperature at  a 
blade  row  exit 

Streamline values o f  the  blade 
velocity  at a blade  row  exit 
Streamline values of the abso- 
lute  velocity at  a design sta- 
tion 

Streamline values o f  the me- 
ridional component of  the  ve- 
locity  at a design  station 
Streamline values of  the  rela- 
tive  velocity at  a blade row 
exit 
Streamline values of  the tan- 
gential component o f  the abso- 
lute  velocity at  a design sta- 
t ion 
Streamline values  of  the  axial 
component of the  velocity at  a 
design station 

Streamline values of the  pres- 
sure-loss coefficient at a 
blade  row  exit 

133 

Units 

psf, psi 

psf, psi 

psf, psi 

" 

deg R 

deg R 

deg R 

f PS 

f PS 

f PS 

f PS 

f PS 

f PS 



Nomenclature for CBMMflN/C0M2/ 

F o r t r a n  
Symbol Descr i p t  i on 

S p e c i f i e d   v a l u e s   o f   t h e   s p e c i f i c  
a t  

s PO0 1 

p res -  

i f  i c  
ac  ros s 

A v e r a g e   v a l u e   o f   t h e   s p e c i f i c  
hea t   a t   cons tan t   p ressu re   ac ross  
a s tage 

A v e r a g e   v a l u e   o f   t h e   s p e c i f i c  
h e a t   a t   c o n s t a n t   p r e s s u r e   a c r o s s  
a spool 

A v e r a g e   v a l u e   o f   t h e   s p e c i f i c  
h e a t   a t   c o n s t a n t   p r e s s u r e   a c r o s s  
t h e   t u r b i n e  

P a r a m e t e r   r e l a t e d   t o   t h e   s p e -  
c i f i c  heat a t  a d e s i g n   s t a t i o n  

P a r a m e t e r   r e l a t e d   t o   t h e   a v e r -  
age s p e c i f i c   h e a t   a c r o s s  a 
blade  row 

P a r a m e t e r   r e l a t e d   t o   t h e   s p e -  
c i f i c   h e a t   r a t i o   a t  a des ign  

l a t e d   t o   t h e   a v e r -  
h e a t   r a t i o   a c r o s s  

l a t e d  t o   t h e   a v e r -  
heat r a t i o   a c r o s s  

P a r a m e t e r   r e l a t e d   t o   t h e  spe- 
c i f   i c   h e a t   r a t i o   a t  a des ign  
s t a t i o n  

P a r a m e t e r   r e l a t e d   t o   t h e   s p e -  
c i f i c   h e a t   r a t i o   a t  a des ign  
s t a t i o n  

P a r a m e t e r   r e l a t e d   t o   t h e   a v e r -  
age s p e c i f i c   h e a t   r a t i o   a c r o s s  
a blade  row 

U n i t s  Symbol 

cpi h e a t   a t   c o n s t a n t   p r e s s u r e  
e a c h   d e s i g n   s t a t i o n   o f  a 

S p e c i f i c   h e a t   a t   c o n s t a n t  
s u r e   a t  a d e s i g n   s t a t i o n  

Average  va lue   o f   the   spec  
h e a t   a t   c o n s t a n t   p r e s s u r e  
a blade  row 

Btu  per   lbm 
deg R 

Btu  per   lbm 
deg R 

CP 1 

CP2 
Btu  per   lbm 
deg R 

CP3 

c P 4  

B tu   pe r  lbm 
deg R - 

c p:" 
Btu   per   lbm 
deg R 

C P 5  
Btu  per  lbm 
deg R 

f t  l b f   p e r  
lbm  deg R 

EJCP l  

EJCP2 
f t  l b f   p e r  
lbm  deg R 

GAMA 1 

s t a t i o n  

Parameter r e  
age  spec i f i c 
a blade  row 

Parameter   re  
age  speci f i c 
a s tage  

GAMA2 

" 

GAMA3 

" 

GAMB 1 

" 

GAMC 1 

" 

GAMD2 

" 

134 



F o r t r a n  
S ymbo 1 

GAMD3 

GAMD4 

GAMD5 

GAM 1 

GAM2 

GAM3 

GAM4 

GAM 5 

GASC 

GGG 1 

GJCP 1 

GJCP  12 

GJCP2 

GJCP22 

GJCP32 

R 

Descr i p t  i on 

P a r a m e t e r   r e l a t e d  t o  t h e   a v e r -  
a g e   s p e c i f i c   h e a t   r a t i o   a c r o s s  
a s t a g e  

P a r a m e t e r   r e l a t e d  t o  t h e   a v e r -  
a g e   s p e c i f i c   h e a t   r a t i o   a c r o s s  
a spoo l  

P a r a m e t e r   r e l a t e d  t o  t h e   a v e r -  
a g e   s p e c i f i c   h e a t   r a t i o   a c r o s s  
t h e   t u r b i n e  

S p e c i f i c   h e a t   r a t i o   a t  a d e s i g n  
s t a t i o n  

Averaqe   va lue  o f  t h e   s p e c i f i c  
h e a t   F a t i o  

Average  Val  
h e a t   r a t i o  

Average va 1 
h e a t   r a t i o  

Average  Val  
h e a t   r a t i o  

a c r o s s  a b l a d e  r o w  

u e   o f   t h e   s p e c i f i c  
a c r o s s  a s t a g e  

ue o f  t h e   s p e c i f i c  
a c r o s s  a spoo l  

ue of  t h e   s p e c i f i c  
a c r o s s   t h e   t u r b i n e  

Gas c o n s t a n t  o f  t h e   w o r k i n g  
f l u i d  

P a r a m e t e r   r e l a t e d  t o  t h e  gas 
c o n s t a n t   a n d   t h e   s p e c i f i c  
h e a t   r a t i o   a t  a d e s i g n   s t a -  
t i o n  

P a r a m e t e r   r e l a t e d   t o   t h e   s p e -  
c i f i c   h e a t   a t  a d e s i g n   s t a -  
t i o n  

P a r a m e t e r   r e l a t e d  t o  the   spe-  
c i f i c   h e a t   a t  a d e s i g n   s t a t i o n  

P a r a m e t e r   r e l a t e d  t o  t h e   a v e r -  
h e a t   a c r o s s  a age  spec i f i c 

b l a d e  row 

P a r a m e t e r   r e  
a g e   s p e c i f i c  
b l a d e  row 

P a r a m e t e r   r e  
age  spec i f i c 
s t a g e  

l a t e d   t o   t h e   a v e r -  
h e a t   a c r o s s  a 

l a t e d  t o  t h e   a v e r -  
h e a t   a c r o s s  a 

U n i t s  

" 

" 

" 

" 

f t  l b f   p e r  
1 bm deg R 

f t  per   sec 
deg R 

2 2 

f t  per   sec 
deg R 

f t  per  sec 
deg R 

2 2 

2 2 

f t  per   sec  
deg R 

2 2 

f t  per   sec  
deg R 

2 2 

f t  pe r   sec  
deg R 

2 2 
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F o r t r a n  
Symbol 

G JC P42 

GJCP52 

F o r t r a n  
Symbo 1 

BETRU (J) 

BETU (J) 

BREFF0 (J) 

DPBUDR (J) 

DPRUDR (J) 

DT0UDR (J) 

DTRUDR ( J )  

DVTUDR 

Symbol D e s c r i p t i o n   U n i   t s  - 
2 p q , "  P a r a m e t e r   r e l a t e d   t o   t h e   a v e r -  

age s p e c i f i c   h e a t   a c r o s s  a f t  per  sec 2 2 

spool  deg R 

Paramete r   re la ted  to  the   ave r -  
age s p e c i f i c   h e a t   a c r o s s   t h e  f t  per  sec 
t u r b i  ne  deg R 

2 2 

Nomenc la tu re   fo r  C0MM0N/C0M3/ 

D e s c r i p t i o n  Un i t s  

S t reaml ine   va lues   o f   t he  
r e l a t i v e   f l o w   a n g l e   u p s t r e a m  
o f  a d e s i g n   s t a t i o n   r a d  

Stream1 i ne  va lues   o f   the   ab-  
s o l u t e   f l o w   a n g l e   u p s t r e a m  
o f  a d e s i g n   s t a t i o n  

S t reaml ine   va lues   o f   t he  
b l a d e   r o w   e f f i c i e n c y   a t  a 
s t a t o r   e x i t  

S t reaml ine   va lues  o f  the  de- 
r i v a t i v e   o f   t h e   m o d i f i e d  up- 
s t r e a m   a b s o l u t e   t o t a l   p r e s -  
s u r e   w i t h   r e s p e c t   t o   r a d i u s   l b f   p e r  f t  

S t reaml ine   va lues   o f   t he  
d e r i v a t i v e   o f   t h e   m o d i f i e d  
u p s t r e a m   r e l a t i v e   t o t a l   p r e s -  
s u r e   w i t h   r e s p e c t   t o   r a d i u s   l b f   p e r  f t  

St reaml ine   va lues   o f   the   de-  
r i v a t i v e  o f  the   mod i f i ed   up -  
s t ream  abso lu te   to ta l   tempera-   deg R p e r  
t u r e   w i t h   r e s p e c t   t o   r a d i u s  f t  

St reaml ine   va lues  o f  t h e  de- 
r i v a t i v e  of  t h e   m o d i f i e d   u p -  
s t r e a m   r e l a t i v e   t o t a l  tem- 
p e r a t u r e   w i t h   r e s p e c t   t o  
r a d  i us 

St reaml ine   va lues   o f   t he   de -  
r i v a t i v e  of  t h e   s t a t o r   e x i t  
t a n g e n t i a l   v e l o c i t y   w i t h   r e -  
s p e c t   t o   r a d i u s   p e r   s e c  

3 

3 

r a d  

" 

deg R per  
f t  

136 



PEfU (J) 

REAC0 (J) 

~ 0 0  (J) 

TB02 (J) 
TBRU (J) 

T0U(J) 

Descr i pt  ion Units 
Streamline values of absolute 
total pressure at the  previous 
design station PS f 

Previous set  of  values of P0Pr PSf 

Streamline values of relative 
total pressure  upstream of a de- 
sign station which may have  been 
modified  through mixing PSf 

Streamline values of absolute 
total pressure upstream of a de- 
sign station which may have been 
modified through mixing PSf 

Streamline values of reaction at 
a stator exit 
Streamline values of absolute to- 
tal temperature at the previous 
design station  deg R 
Previous set of values  of T00 deg R 
Streamline values of relative 
total temperature upstream  of 
a design  station  which may have 
been  modified  through mixing 
and/or  cool i ng deg R 
Streamline values  of absolute 
total temperature upstream of a 
design station which may have 
been  modified  through  mixing 
and/or cooling deg R 
Streamline values of the  blade 
velocity at the  previous  design 
station f PS 
Streamline values  of the rela- 
tive velocity at the  previous 
design station f P S  

Streamline values of  the tan- 
gential  velocity at the previ- 
ous design station f PS 
Streamline values  of  the abso- 
lute  velocity at the  previous 
design station f PS 

" 
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F o r t r a n  
Symbo 1 

WY E0 ( J )  

F o r t r a n  
Symbo 1 

FLW ( I )  

F LWP 

HP 

RP M 

RST ( J) 

WFN ( J) 

F o r t r a n  
Symbo 1 

ASTR(K, I )  

Symbol Descr i p t  i on 

Y T -  I, j 
Streaml ine   va lues  of  the   p res -  
s u r e - l o s s   c o e f f i c i e n t   a t  a 
s t a t o r   e x i t  

Nomenc la tu re   f o r  C!dMMBN/C!ijM4/ 

Descr i p t  i on 

T o t a l  mass f l o w   a t  each  design 
s t a t i o n  o f  a spool  

T o t a l  mass f l o w   a t  a p a r t i c u  
d e s i g n   s t a t i o n  

T o t a l  power o u t p u t   o f  a spoo 

R o t a t i v e  speed o f  a spool 

1 a r  

1 

S t reaml ine   va lues  of  the  s t ream- 
l i n e   r a d i a l   p o s i t i o n   a t  a des ign 
s t a t i o n  

S t reaml ine   va lues   o f   t he   nond i -  
mensional mass f l o w   f u n c t i o n  

Nomenclature fo r  CBMMBN/CBM5/ 

Symbol D e s c r i p t i o n  

A i  Radia l   va lues  o f  t h e   s t r e a m l i n e  
a n g l e   o f   i n c l i n a t i o n   s p e c i f i e d  
a t  e a c h   d e s i g n   s t a t i o n   o f  a 
s PO0 1 

ASTS (K) R; 

CSTS (K) 

Radia l   va lues  o f  t h e   s t r e a m l i n e  
a n g l e   o f   i n c l i n a t i o n   s p e c i f i e d  
a t  a d e s i g n   s t a t i o n  

Rad ia l   va lues  of  t h e   f l o w   a n g l e  
s p e c i f i e d   a t   t h e   t u r b i n e   i n l e t  

R a d i a l   v a l u e s   o f   t h e   s t r e a m l i n e  
c u r v a t u r e   s p e c i f i e d   a t  each 
d e s i g n   s t a t i o n   o f  a spool 

Rad ia l   va lues  o f  t h e   s t r e a m l i n e  
c u r v a t u r e   s p e c i f i e d   a t  a des ign 
s t a t i o n  

U n i t s  

" 

U n i t s  

lbm  per  sec 

lbm  per  sec 

f t  l b f   p e r  
sec,  hp 

rad  per  sec,  
r Pm 

f t ,  i n  

" 

U n i t s  

rad,  deg 

r a d  

rad,  deg 

pe r  f t ,  per  
I n  

per f t  
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F o r t r a n  
Symbol S ymbo 1 

DVMDS (K) 

FHP ( L) 

FLWC 

IP0F(L) 

per  sec 

per  sec 

D e s c r i p t i o n  Un i t s  

S t reaml ine   va lues  of t h e   d r o p   i n  
abso lu te   t o ta l   t empera tu re   ac ross  
a r o t o r  deg R 

St reaml ine  va lues of  t h e   d e r i v a -  
t i v e   o f   t h e   m e r i d i o n a l  compo- 
n e n t   o f   v e l o c i t y   w i t h   r e s p e c t  t o  
r a d i u s   a t  a d e s i g n   s t a t i o n  

Radia l   va lues o f  t h e   d e r i v a t i v e  
o f   t he   mer id iona l  compohent o f  
v e l o c i t y   w i t h   r e s p e c t  t o  r a d i u s  
s p e c i f i e d   a t  a d e s i g n   s t a t i o n  

F r a c t i o n s  of  t h e   t o t a l  power o u t -  
p u t  o f  a s p m l  produced  by  each 
s t a  ge 

Coolant mass f l o w  added i n  a 
b lade row 

Values o f   a n   i n d i c a t o r   a t  each 
s t a g e   e x i t  of  a spool :  

IP@F(I)=O i f  a u n i f o r m  power 
o u t p u t   d i s t r i b u t i o n   i s   d e s i r e d  
a t  a s t a g e   e x i t  
I P 0 F ( I ) = 1  i f  va lues   o f   t he  
g r a d i e n t   o f   m e r i d i o n a l   v e l o c i t y  
as a f u n c t i o n  of  r a d i u s   a r e  
s p e c i f i e d   a t  a s t a g e   e x i t  

I n d i c a t o r :  
ISTRAC=O i f  the   s t reaml ine   ang les  
o f   i n c l i n a t i o n  and  curvatures 
a r e   c a l c u l a t e d   i n t e r n a l l y   a t  each 
d e s i g n   s t a t i o n  

lbm  per  sec 

I STRAC 

I WRL ( L). 

I STRAC = 1 
a n g l e   o f  
t u re   as  a 
s p e c i f i e d  

I n d i c a t o r :  
IWRL( I ) = O  
na l   ve loc  

f v a l u e s   o f   s t r e a m l i n e  
n c l i n a t i o n  and  curva- 
f u n c t i o n  of  r a d i u s   a r e  
a t  each   des ign   s ta t i on  -- 

i 
i f  values of  m e r i d i o -  
t y   g r a d i e n t  as a func-  

t i o n   o f   r a d i u s   a r e   s p e c i f i e d   a t  
a s t a t o r   e x i t  
IWRL(I)=~ i f  va lues o f  f l o w  
angle  as a f u n c t i o n  of  r a d i u s  
a r e   s p e c i f i e d   a t  a s t a t o r   e x i t  
and a s u b s o n i c   s o l u t i o n   i s  de- 
s i   r e d  
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F o r t r a n  
Symbo 1 

N LT 

NSTAT 

N ST RAC 

NXT 

P0LT (K) 

RANN(N, 1)  
o r  RANN ( N  2) 

RLT ( K) 

RSTRAC (K I ) 

RSTRAS (K) 

RXTS ( K) 

TgC (M) 

Symbo 1 Desc r ip t i on  

IWRL(I)=2 i f  va lues   o f   f l ow  
angle  as a f u n c t i o n  of rad ius  
a r e   s p e c i f i e d   a t  a s t a t o r  
e x i t  and a supersonic  solu- 
t i o n  i s  des i red  

Number o f   r a d i i   a t  whi 
b i n e   i n l e t   c o n d i t i o n s  
f i e d  

Number of  s t a t i o n s   o f  
i n c l u d i n g  one upstream 

ch   t he   t u r -  
a re   spec i -  

the  spool, 
s t a t i o n  

and one downstream s t a t i o n  

Number o f  rad i i   a t   wh ich   s t ream-  
l i ne   ang les  o f  i n c l i n a t i o n  and 
curva tures   a t   each  des ign   s ta t ion  
o f  a spoo l   a re   spec i f ied  

Number o f   r a d i i   a t   w h i c h   t h e   e x i t  
c o n d i t i o n s   o f  each blade row o f  
the   spoo l   a re   spec i f ied  

Rad ia l   va lues   o f   the   abso lu te  
t o t a l   p r e s s u r e   s p e c i f i e d   a t   t h e  
t u r b i n e   i n l e t  

R a d i a l   p o s i t i o n   o f   t h e  hub and 
c a s i n g   a t   e i t h e r  each s t a t i o n   o r  
each  design  stat ion  of   the  spool  

Rad ia l   coord ina tes   a t   wh ich   the  
t u r b i n e   i n l e t   c o n d i t i o n s   a r e  
spec i f i ed 

Rad ia l   coord ina tes   a t   wh ich   the  
s t reaml ine   ang les   o f   i nc l i na t i on  
and c u r v a t u r e   a r e   s p e c i f i e d   a t  
each  des ign   s ta t ion   o f  a spool 

Rad ia l   coord ina tes   a t   wh ich   the  
streamline  angles of  i n c l i n a t i o n  
and c u r v a t u r e   a r e   s p e c i f i e d   a t  
a des ign   s ta t i on  

Rad ia l   coord ina tes   a t   wh ich   the  
e x i t   c o n d i t i o n s   o f  a blade row 
a re  spec i f i ed 

Abso lu te   to ta l   tempera ture   o f  
the  coolant  added i n  each  blade 
row 

Un i t s  - 

" 

" 

" 

" 

" 

psf  , p s i  

f t, i n  

f t ,  i n  

f t ,  i n  

f t  

f t  

deg R 
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For t   ran  
Symbo 1 Symbo 1 

T0LT (K) Fdh\PLt- 

VUM ( L) 

VUMS 

X STAT ( N) X i  

Y 0 S  (K) 

Fo r t ran  
Symbo 1 Symbo 1 

C N V l  I2 

C NV2 1 4 - 4 -  

C NV3 tYo/.rr 

CNV5 SSQ 

E JAY J 

GB 

Descr i p t  i on 

Radia l   va lues  o f   the  absolute 
to ta l   t empera tu re   spec i f i ed   a t  
t h e   t u r b i n e   i n l e t  

T a n g e n t i a l   v e l o c i t y   a t   t h e  
mean s t r e a m l i n e   f o r  each s ta -  
tor e x i t   f o r   w h i c h  a d i s t r i b u -  
t i o n   o f   t h e   g r a d i e n t   o f  rne- 
r i d i o n a l   v e l o c i t y   i s   s p e c i f i e d  

Tangen t ia l   ve loc i t y   a t   t he  
mean s t r e a m l i n e   f o r  a s t a t o r  
e x i t   f o r  which a d i s t r i b u t i o n  
o f   t he   g rad ien t   o f   mer id iona l  
v e l o c i t y  i s  s p e c i f i e d  

Rad ia l   va lues   o f   the   f low  ang le  
s p e c i f i e d   a t  a s t a t o r   e x i t  

Streamline  values  of   the  mix- 
i n g   c o e f f i c i e n t   s p e c i f i e d   f o r  
each  blade row of   the  spool  

A x i a l   p o s i t i o n   o f  each s t a t i o n  
of   the  spool  

Radial   values  of   the  loss pa- 
r a m e t e r   s p e c i f i e d   a t   t h e   e x i t  
o f  a blade row 

Nomenclature f o r  CBMMBN/CBM6/ 

Descr iDt ion 

Conversion  factor  f rom f t  t o  
i n  

Conversion  factor  f rom sq f t  
t o  s q  i n  

Convers ion  factor   f rom  rad  to  
de 9 
Conversion  factor  from hp t o  
f t  l b f   p e r  sec 

Conversion  factor  f rom  Btu  to 
f t  l b f  

Convers ion   fac to r   f rom  lb f   to  
1 bm f t  per  sec2 

deg R 

f PS 

f P S  

rad 

f t ,  i n  

Un i t s  

i n   p e r  f t  

s q  i n   p e r  s q  
f t  

deg per  rad 

f t  l b f   p e r  
sec hp 

f t  l b f   p e r  
Btu 

lbm f t  e r  
l b f  sec 8 
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F o r t r a n  
Svmbo 1 Svmbo 1 D e s c r i D t i o n  

P I  
TBLWY 

Ti- C o n s t a n t   f a c t o r  

T o l e r a n c e   u s e d   t o   t e s t   t h e   c o n -  
v e r g e n c e   o f   t h e   i t e r a t i o n  for  
l o s s   c o e f f i c i e n t  

Nomenc la tu re   f o r  C0MM0N/C0M7/ 

F o r t r a n  
S ymbo 1 ,  Symbo 1 D e s c r i p t i o n  

C0T60 ' 0  t (:) Constan t   equa l   to  0.57735 
DF  LWT W iR Mass f l o w   a t  a d e s i g n   s t a t i o n  

a s   c a l c u l a t e d   f r o m   t h e   c o n t i -  
n u i t y   e q u a t i o n   f o r   t h e   c u r r e n t  
e s t i m a t e  o f  m e r i d i o n a l   v e l o c i t y  
a t   t h e  mean s t r e a m l i n e  

DFLWTB 

EMMAX 

EMM I N  

I CNT 

J J  

JJP 

VMM 

Mass f l o w   a t  a d e s i g n   s t a t i o n   a s  
c a l c u l a t e d   f r o m   t h e   c o n t i n u i t y  
e q u a t i o n   f o r   t h e   p r e v i o u s   e s t i -  
mate o f  m e r i d i o n a l   v e l o c i t y   a t  
t h e  mean stream1  ine 

Cons tan t   equa l   t o  0.8 

Cons tan t   equa l   t o  0.1 

I n d e x   o f   t h e  number o f  changes 
i n   s i g n   o f   t h e   d e r i v a t i v e   o f  
c a l c u l a t e d  mass f l o w  w i t h  r e -  
s p e c t   t o   m e r i d i o n a l   v e l o c i t y   a t  
t h e  mean s t r e a m l i n e   i n   t h e  i t -  
e r a t i o n   p r o c e d u r e  

U n i t s  

" 

" 

Un i t s  

" 

lbm  per  sec 

lbm pe r  sec 

" 

" 

V a r i a n t   o f   t h e   s t r e a m l i n e   i n d e x  " 

I n d e x   o f   t h e   s t r e a m l i n e   f o l l o w -  
i n g   t h a t   s t r e a m l i n e   i n d i c a t e d  
by J J  

I n d e x   o f   t h e  mean s t r e a m l i n e  " 

" 

R a t i o   o f   c a l c u l a t e d  mass f l o w  
based  on   the   cur ren t   es t imate  
o f   m e r i d i o n a l   v e l o c i t y   a t   t h e  
mean s t r e a m l i n e   t o   t h e   s p e c i -  
f i e d  mass f l o w   a t  a des ign 
s t a t i o n  

C u r r e n t   e s t i m a t e   o f   t h e   m e r i d i o -  
n a l   v e l o c i t y   a t   t h e  mean stream- 
l i n e   o f  a d e s i g n   s t a t i o n  f P 5  
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I 

F o r t r a n  
Symbo 1 

VMM0 

VMM00 

F o r t r a n  
Symbo 1 

DADR ( J) 

DBDR ( J )  

DPflDR (J) 

DTIdDR (J) 

DVTDR (J) 

DWY DR ( J )  

F o r t   r a n  
Svmbo 1 

BREA (M) 

BREAP 

Symbol Descr i p t  i o n   U n i t s  

iLhMpf4 

(“JM,dd Prev ious   va lue  o f  VMM$ f P S  

P rev ious   es t ima te  o f  t h e  me- 
r i d i o n a l   v e l o c i t y   a t  t h e  mean 
stream1 i ne f PS 

Nomenclature for  CBMMBN/CBM8/ 

Symbo 1 D e s c r i p t i o n   U n i t s  

($%j 
Stream1 i ne v a l u e s   o f   t h e   d e r i v a -  
t-i;’e o f   s t r e a m l i n e   a n g l e   o f   i n -  
c l i n a t i o n   w i t h   r e s p e c t   t o   r a -  
d i u s   a t  a d e s i g n   s t a t i o n   p e r  f t  

( %)j 
St reaml ine   va lues   o f   t he   de r i va -  
t i v e   o f   f l o w   a n g l e  w i t h  respec t  
t o   r a d i u s   a t  a d e s i g n   s t a t i o n   p e r  f t  

($$), Streaml ine   va lues  o f   t h e   d e r i v a -  
t i  ve o f   t h e   t o t a l  p r e s s u r e   w i t h  
r e s p e c t   t o   r a d i u s  a t  a des ign 
s t a t i o n  l b f   p e r  f t  

(-2)j Streaml ine   va lues  o f  t h e   d e r i v a -  
t i v e   o f   t h e   t o t a l   t e m p e r a t u r e  
w i t h  r e s p e c t   t o   r a d i u s   a t  a de-  deg R pe r  
s i g n   s t a t i o n  f t  

3 

(d dk) S t r e a m l i n e   v a l u e s   o f   t h e   d e r i v a -  .x ,I t i v e   o f   t h e   t a n g e n t i a l   v e l o c i t y  
w i t h   r e s p e c t   t o   r a d i u s   a t  a de- 
s i g n   s t a t i o n   p e r  sec 

S t reaml ine   va lues   o f   t he   de r i va -  
t i v e   o f   t h e   p r e s s u r e - l o s s   c o -  
e f f i c i e n t  w i t h  r e s p e c t   t o   r a d i u s  
a t  a b l a d e  row e x i t  

Nomenc la tu re   f o r  C0MM0N/C@M9/ 

p e r  f t  

Symbo 1 D e s c r i p t i o n   U n i t s  

Mass averaged  va lue of: t h e   b l a d e  
row e f f i c i e n c y   f o r   e a c h   b l a d e  
row o f   t h e  spool ” 

Mass ave raged   va lue   o f   t he   b lade  
row e f f i c i e n c y   f o r  a blade  row “ 

7 8  i 

- 
3281 



F o r t r a n  
Symbo 1 

ENM 1 

F LWM 

0 J S  

0 S E  

0T E 

0T S 

OTT 

ow 

SJS ( L) 

S J S P  

SPJS 

SPP 

SPSE 

SPTE 

SPTS 

S P T T  

Symbo 1 

n- I 

Descr i p t  i on 

F l o a t i n g   p o i n t   r e p r e s e n t a t i o n  
of t h e  number of streamtubes 

Mass f low r a t e   a t   t h e   i n l e t  of 
t h e   t u r b i n e  

O v e r - a l l   b l a d e - t o - j e t  speed 
r a t i o  based  on mass averaged 
va 1 ues 

O v e r - a l l   s t a t i c   e f f i c i e n c y  based 
on mass averaged  values 

O v e r - a l l   t o t a l   e f f i c i e n c y  based 
on mass averaged  values 

O v e r - a l l   t o t a l - t o - s t a t i c   p r e s -  
s u r e   r a t i o  based  on mass averaged 
va 1 ues 

O v e r - a l l   t o t a l - t o - t o t a l   p r e s s u r e  
r a t i o  based  on mass averaged  va l -  
ues 

O v e r - a l l   w o r k   o u t p u t   o f   t h e   t u r -  
b ine  based  on mass averaged  Val - 
ues 

S tage   b lade - to - j e t   speed   ra t i o  
based  on mass averaged  values 
f o r  each  s tage  o f  a spool  

S tage  b lade- to - je t   speed  ra t io  
based on mass averaged  values 

Spoo l   b lade - to - j e t  speed r a t i o  
based on mass averaged  values 

Spool  power  output  based  on 
mass averaged  va 1 ues 

Spool s t a t i c   e f f i c i e n c y  based 
on mass averaged  values 

Spool t o t a l   e f f i c i e n c y  based  on 
mass averaged  values 

S p o o l   t o t a l - t o - s t a t i c   p r e s s u r e  
r a t i o  based  on mass averaged 
va 1 ues 

Spool t o t a l - t o - t o t a l   p r e s s u r e  
r a t i o  based  on mass averaged 
va 1 ues 

U n i t s  - 
" 

lbm  per  sec 

Btu   per  lbm 

" 
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F o r t r a n  
Symbo 1 

SPW 

SSE (L) 

SSEP 

STE ( L) 

SWP 

Symbo 1 D e s c r i p t i o n  
_. 
W i ~ ~  Spool  work  output  based  on mass 

averaged va 1 ues 

i ys&# Stage s t a t i c   e f f i c i e n c y  based 

7 sel)i" 
@*J -Lfl 

I 7T0J i) 

on mass averaged  va lues  for  
each  stage of a spool  

Stage s t a t i c   e f f i c i e n c y  based 
on mass averaged  values 

S t a g e   t o t a  1 e f f i c i e n c y  based 
on mass averaged  values fo r  
each  stage o f  a spool  

Stage t o t a l   e f f i c i e n c y  based 
on mass averaged  values 

Stage  work  output  based  on mass 
averaged  va lues  for   each  s tage 
of  a spool 

w<- 
c 

- 
LJ 2'' Stage work output  based  on mass 

averaged va 1 ues 

Nomenc la tu re   f o r  C$MM0N/CBMlO/ 

F o r t r a n  
Symbo 1 

FLWCN(M) 

NA V 

NBR 

RNXT(K,L) 

RSXT (K , L) 

WRL(K,L) 

vdss (K,M) 

Symbo 1 D e s c r i p t i o n  
# 

well Mass f l o w   o f   t h e   c o o l a n t  added 
i n  each  blade  row o f   t he   spoo l  
expressed  as a f r a c t i o n  o f  the  
i n l e t  mass f l o w  of  t h e   t u r b i n e  

Number o f   s e t s   o f   a n a l y s i s  
v a r i a b l e s  

Number o f   b l a d e  rows o f  a 
spoo 1 

Rad ia l   coo rd ina tes   a t   wh ich  
e x i t   c o n d i t i o n s   a r e   s p e c i f i e d  
f o r  e a c h   s t a t o r  

Rad ia l   coo rd ina tes   a t   wh ich  
e x i t   c o n d i t i o n s   a r e   s p e c i f i e d  
fo r  each r o t o r  

R a d i a l   v a l u e s   o f   t h e   f l o w  
a n g l e   s p e c i f i e d   a t   e a c h   s t a -  
t o r   e x i t  o f  a spool 

Radia l   va lues of the   loss   pa-  
r a m e t e r   s p e c i f i e d   a t  each  blade 
row e x i t  of  a spool 

U n i t s  

Btu  per   lbm 

-- 
" 

" 

" 

Btu  per  lbm 

B t u   p e r  lbm 

U n i t s  

" 

" 

" 

f t ,  i n  

f t ,  i n  

deg, r a d  

" 
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F o r t r a n  
Symbo 1 

DVMDR (K, M) 

F o r t r a n  
S ymbo 1 

AY P 

CdSA 

C 0 S  B 

C0SQB 

DBDRP 

DBRUDR (J) 

DBUDR (J) 

DVRUDR (J) 

DVUDR ( J) 

I J  

TAN B 
VMP 

VSQ 

VTP 

Symbo 1 D e s c r i p t i o n  

d _. V W  R a d i a l   v a l u e s   o f   t h e   d e r i v a t i v e  
d r  o f  m e r i d i o n a l   v e l o c i t y   w i t h   r e -  

s p e c t   t o   r a d i u s   s p e c i f i e d   a t  a 
b l a d e   r o w   e x i t   o f  a spool  

Nomenclature  for  CgMMEjN/CEjMl l /  

D e s c r i p t i o n  

A v a l u e   o f   t h e   s t r e a m l i n e   a n g l e  
o f   i n c l i n a t i o n  

C o s i n e   o f   t h e   s t r e a m l i n e   a n g l e  
o f   i n c l i n a t i o n  

C o s i n e   o f   t h e   f l o w   a n g l e  

Square o f  C 0 S B  

A v a l u e  o f  t h e   d e r i v a t i v e   o f  
f l o w   a n g l e   w i t h   r e s p e c t   t o   r a -  
d i u s  

S t reaml ine   va lues   o f   t he   de r i va -  
t i v e   o f   t h e   u p s t r e a m   r e l a t i v e  
f l o w   a n g l e   w i t h   r e s p e c t   t o   r a -  
d i  us 

S t r e a m l i n e   v a l u e s   o f   t h e   d e r i v a -  
t i v e   o f   t h e   u p s t r e a m   a b s o l u t e  
f l o w   a n g l e   w i t h   r e s p e c t   t o   r a -  
d i  us 

S t reaml ine   va lues   o f   t he   de r i va -  
t i v e   o f   t h e   u p s t r e a m   r e l a t i v e  
v e l o c i t y   w i t h   r e s p e c t   t o   r a d i u s  

S t r e a m l i n e   v a l u e s   o f   t h e   d e r i v a -  
t i v e   o f   t h e   u p s t r e a m   a b s o l u t e  
v e l o c i t y   w i t h   r e s p e c t   t o   r a d i u s  

Var ian t   o f   t he   s t ream1  i ne   i ndex  

T a n g e n t   o f   t h e   f l o w   a n g l e  

A v a l u e   o f   t h e   m e r i d i o n a l  ve- 
l o c i   t y  

A v a l u e   o f   t h e   s q u a r e   o f   t h e  
a b s o l u t e   v e l o c i t y  

A va lue  of the   tangent ia l   ve-  
l o c i   t y  

U n i t s  

per  sec 

U n i t s  

r a d  

" 

" 

" 

p e r  f t  

pe r  f t  

pe r  f t  

pe r  sec 

per  sec 
" 

" 

f P S 

f ps2 

f P S 
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, . ... 

Nomenc la tu re   fo r  CBMMBN/CBM12/ 

F o r t r a n  
Symbo 1 

YCgN ( 1) 

YC0N(2) 

Y C 0 N  ( 3 )  

YC0N ( 6 )  

Y C 0 N ( 8 )  

Symbol D e s c r i p t i o n  

4 1  Constant i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n  of  t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

4 r  C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

Q3 C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

Q +  

Q s  C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

"6 Constant i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

4 7  C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

9 9  C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

a9 C o n s t a n t   i n   t h e   i n t e r n a l   c o r r e -  
l a t i o n   o f   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t  

U n i t s  

" 
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APPENDIX V 

MAIN ROUTINE 

T h e   p r i m a r y   f u n c t i o n  o f  t h e   m a i n  rout  i ne  (deckname TD2) i s t o  

c o n t r o l   t h e   o v e r - a l l   l o g i c  f low of  the  computer  program. I n  a d d i t i o n ,  

t h e   m a i n   r o u t i n e   r e a d s   t h e   i n p u t   d a t a ,   w r i t e s   s e c t i o n s  o f  t h e   o u t p u t ,  

s e t s   c e r t a i n   v a l u e s ,   a n d   p e r f o r m s   s e v e r a l   e l e m e n t a r y   c a l c u l a t i o n s .  

T h e   m a i n   r o u t i n e   c a l l s   S u b r o u t i n e s  INPUT2, STRAC,  SPECHT, 

POWER2, STRIP, STRVL2, VMNTL2,  RADEQ2,  VMSUB2, I l A P l ,  REMAN2, SETUP2, 

OUTPUT, and LldSCOR. T h e   e x t e r n a l   i n p u t   r e q u i r e d   b y   t h e   m a i n   r o u t i n e  

c o n s i s t s  o f :  

ASTR  BET  LT C OME NT CP C STR 

DVMDR FHP  FLWC N FLWM GASC 

HP I COOL I DLETE 1 EXTRA I M l X  

I PCfF I SPEC I STRAC  IWRL NA V 

NL I NES N LT NSPOOL  NST G NSTRAC 

NXT P0LT RANN R LT RNXT 

RPM R STRAC  RSXT T OC TBLT 

VUM WRL X M l X  XSTAT YC0N 

Y 0 S S  

( T h e s e   s y m b o l s   a r e   d e f i n e d   i n   t h e   a p p r o p r i a t e   s e c t i o n s  o f  t h e  

C0MM$N Fo r t ran   Nomenc la tu re . )  

T h e   e x t e r n a l   o u t p u t   p r o v i d e d   b y   t h e   m a i n   r o u t i n e ,   i n   a d d i t i o n  

t o  f o u r   e r r o r  messages, c o n s i s t s   o f :  

BET  LT C OMENT  DF  LWT F LWM GASC 

NAV NL I NES NSPBBL P 0  P 0LT 

R LT TBLT VM VMM VT 

WY E 

A m a j o r i t y  o f  t h e s e   s y m b o l s ,   a s   w e l l   a s   o t h e r s   u s e d   i n   t h e   m a i n  

r o u t i n e ,   a r e   d e s c r i b e d   i n   t h e  CBMMON F o r t r a n   N o m e n c l a t u r e ;   t h e   m a i n   r o u t i n e  

has  access t o  a l l  o f  t h e   b l o c k s  of CBMMBN. 
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A d d i t i o n a l  " ~ " _  "~ Fortran  Nomenc la tu re  for the   Ma in   Rout ine  
~ -. . - . . - ~ ___ 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n  nomenc 

symbols  used i n   t h e   m a i n   r o u t i n e   w h i c h   a r e   n o t   p a r t   o f  

F o r t r a n  
Symbo 1 

I PCONV 

I TAPE 

I YCONV 

J 

S ymbo 1 

J 

D e s c r i p t i o n  

l a t u r e   f o r   t h o s e  

C $"ON. 

U n i t s  

C NV4 60/2T Convers ion   f ac to r   f rom  rad   pe r  rpm p e r   r a d  

C 0ME NT A s ta tement   descr ib ing   the   case 

sec t o  rpm per  sec 

under  cons i d e r a t   i o n  " 

DFLgWP A s t r e a m l i n e   v a l u e   o f   t h e  mass 
f l o w   f u n c t i o n  lbm  per  sec 

I EXTRA I n d i c a t o r :  
IEXTRA=O i f  t h e   r e s u l t s   o f  
t he   passes   t h rough   the   i t e ra -  
t i o n   l o o p   o n   m e r i d i o n a l   v e -  
l o c i t y   a t   t h e  mean s t r e a m l i n e  
a r e   n o t   t o  be p r i n t e d  
IEXTRA=l i f  t h e   r e s u l t s   o f   t h e  
p a s s e s   t h r o u g h   t h e   i t e r a t i o n  
l o o p   o n   m e r i d i o n a l   v e l o c i t y  
a t   t h e  mean s t r e a m l i n e   a r e   t o  
be p r i n t e d  when t h e   r e s u l t s  
o f  a pass   th rough  the   i te ra -  
t i o n   l o o p  on   s t reaml ine   pos i -  
t i o n   a r e   t o  b e   p r i n t e d  " 

- 

I n d i c a t o r :  
IPCONV=O i f  t h e   i t e r a t i o n  on 
stage  power  output has n o t  
c o n v e r g e d   w i t h i n   t h e   a l l o w -  
ab 1 e to1  erance 
IPC@NV=l  i f  t h e   i t e r a t i o n  on 
stage  power  output has con- 
v e r g e d   w i t h i n   t h e   a l l o w a b l e  
t o l e r a n c e  

- 

Input   tape number 

I n d i c a t o r :  
IYC0NV=O i f  t h e   i t e r a t i o n  on 
stream1 i ne v a l u e s   o f   t o t a l  - 
p r e s s u r e - l o s s   c o e f f i c i e n t  has 
- not  converged 
IYCONV= l  i f  t h e   i t e r a t i o n  on 
s t r e a m l i n e   v a l u e s   o f   t o t a l -  
p r e s s u r e - l o s s   c o e f f i c i e n t  has 
converged 

S t reaml ine   i ndex  " 
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LSGN 

NC NT 

NLLBflP 

NL00P 

RP 

T0LFLW 

TBLRAD 

TBLVM 

TUBFLW 

Symbo 1 

Tij 

D e s c r i p t i o n  

I n d i c a t o r :  
LSGN=O i f  t h e   m a t r i x   o f   t h e  
c o e f f i c i e n t s   o f   t h e   f o u r  ma- 
j o r  equat ions  used t o  s a t i s f y  
r a d i a l   e q u i l i b r i u m   i s  non- 
s i n g u l a r  
LSGN=l i f  t h e   m a t r i x  o f  t h e  
c o e f f i c i e n t s   o f   t h e   f o u r  ma- 
j o r   e q u a t i o n s  used t o   s a t i s f y  
r a d i a l   e q u i l i b r i u m   i s   s i n g u l a r  " 

Maximum number o f   a l l o w a b l e  
changes i n   s i g n   o f   t h e   s l o p e  
o f  t h e   c u r v e   o f  mass f l o w   v e r s u s  
m e r i d i o n a l   v e l o c i t y   a t   t h e  mean 
s t r e a m l i n e  " 

Maximum number o f   i t e r a t i v e  loops 
used t o   s a t i s f y   c o n t i n u i t y  -- 
Maximum number o f   i t e r a t i v e   l o o p s  
used t o  converge  on   s t reaml ine  
p o s i t i o n ,   p r e s s u r e - l o s s   c o e f f i -  
c i e n t ,  and  s tage  work  output  " 

A s t r e a m l i n e   v a l u e   o f   t h e   r a d i a l  
p o s i t i o n  f t  

Tolerance  used  to   check  whether  
c o n t i n u i t y   i s   s a t i s f i e d  " 

Tolerance  used  to   check  whether  
c o n v e r g e d   s t r e a m l i n e   p o s i t i o n s  
have  been  obtained " 

Tolerance  used  to   check   whether  
the   mean l ine   mer id iona l   ve-  
l o c i t y  has converged when con- 
t i n u i t y  has been s a t i s f i e d  " 

Un i t s  

Mass f l o w   i n  a streamtube  lbm  per  sec 
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Tn2'0001 
T O 2 * 0 0 0 2  
T D 2 * 0 0 0 3  
TD2'0004 
T 0 2 Q 0 0 0 5  
T D 2 * 0 0 0 6  
T 0 2 * 0 0 0 7  
TD2'0008 

T D 2 * 0 0   1 0  
T 0 2 * 0 0 1 1  
T n 2 0 0 0 1 2  
T D 2 * 0 0 1 3  
1 0 2 * 0 0 1 4  
T D 2 * 0 0 1 5  

T D 2 * 0 0 1 7  
T 0 2 * 0 0 1 8  
T D 2 * 0 0 1 9  
T D 2 * 0 0 2 0  
T D 2 * 0 0 2 1  
T O 2 0 0 0 2 2  
T 0 2 * 0 0 2 3  
T D 2 * 0 0 2 4  
T D 2 * 0 0 2 5  
T D 2 * 0 0 2 6  
TDZ'0027 
T D 2 * 0 0 2 8  
T 0 2 * 0 0 2 9  
T D ? * 0 0 3 0  
T n 2 * 0 0 3 1  

T ~ ~ * o o o ~ .  

~1-12*0016 

~ n 2 * 0 0 3 2  
~ n 7 * 0 0 3 3  
T D 2 * 0 0 3 4  
T D 2 Q 0 0 3 5  

151 



TOLFLk=OmOOOlO 
T O L V ~ ~ O ~ O O O l  
hjLLOOP=35 
lVCluTrn3 
TOLRACt0 .00010  
T O L k Y = 0 ~ 0 0 0 1 0  
NLOOP=25 

C 
C d E G I N  CASE LOOP 
C 
C READ  GEkEWAL  INPUT  DATA 
C 

1 0  k tAn (ITAPE.20) COMENT 

TD2'0057 
T D 2 * 0 0 5 8  
T D 2 * 0 0 5 9  
T D 2 * 0 0 6 0  

T D 2 * 0 0 6 2  
TD2.0063 
TD2.0064 

T D 2 * 0 0 6 6  
T D 2 * 0 0 6 7  

Tn2.0069 

~ 0 2 + 0 0 6 1  

~n2*0065  

T O ~ * O O ~ B  

2 0  FORbfPIT ( 1 2 A 6 )  1 0 2 ' 0 0 7 2  

30 FURPAT ( 6 x r  1 6 9  12x9516)  ~n2.0074 

M E A N = ( N L I h E S * 1 ) / 2   T D 2 * 0 0 7 6  

2s W A O  ( I T A I J ~ . ~ ~ )  ISPEC~ICOOL.IMIX~ISTRAC~IDLETE,IEXTRI T l77*0073  

HEAO ( I T A P E e N A M l )  TD2.0075 

C TD2'0077 
C CALCULATE  STREAMLINE  VALUES OF NONDIMENSIONAL MASS-FLOW F U N C T I O N   T D 2 * 0 0 7 8  

T D 2 * 0 0 7 9  
TDZ*OOAO 
T 0 2 * 0 0 8 1  
T D 2 * 0 0 8 2  
TD2+OOH3 
TO2*0064  

f02*0096 
T02 '0047  
T D 2 * 0 0 8 8  
T D 2 * 0 n A 9  
T D 2 * 0 0 3 0  
TD2.0091 
T D Z * 0 0 9 2  
TD2.0093 

~ 0 2 * 0 0 8 5  
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T D 2 ' 0 1 1 5  
TD2 '0116 
T D 2 * 0 1 1 7  
T D 2 * 0 1 1 8  
T D 2 * 0  11 9 
T D 2 0 0 1 2 0  
T 0 2 * 0 1 2 1  
TD2.0122 
TD2.0123 
T02.0124 
T D Z f 0 1 2 5  

TD2.0127 
T n 2 * 0 1 2 8  
T D 2 + 0 1 2 9  
T D 2 * 0 1 3 0  
T02.0131 
T02.0132 
TD2'0 133 
TDZ*O 134 

TD2.0 1 3 6  
T D 2 * 0 1 3 7  
TD2*0  138 
TD2*O 139 
T D 2 * 0 1 4 0  
T 1 ) 2 * 0 1 4 1  

702.0143 
TD2.0144 
T 0 2 * 0 1 4 5  
TD2.0146 
T 0 2 0 0 1 4 7  
T D 2 * 1 ~ 1 4 8  
T D 2 * 0 1 4 9  
T D 2 * 0 1 5 0  
T D Z " 0 1 5 1  
~ 0 2 0 0 1 5 2  
T D 2 * 0 1 5 3  
T D Z * 0 1 5 *  
T D 2 Q 0 1 5 5  
TD2.0156 
T D 2 * 0 1 5 7  
T D 2 * 0 1 5 8  
T i l 2 0 0 1 5 9  
T D 2 + 0 1 6 0  
T D 2 * 0 1 6 1  

T 0 2 * 0 1 6 3  
TD2.0164 
T D 2 * 0  165 
T D 2 * 0 1 6 6  
T02.0167 

TD2.0169 
T 0 2 * 0 1 7 0  
T D 2 * 0 1 7 1  

~n2*0126 

~ n 2 * 0 1 3 5  

~ n 2 0 0 1 4 2  

~ 0 2 * 0 1 6 2  

~ ~ 2 . 0  168 
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C 
660 JF (ISTGAC.EQ.0)  CALL  STRAC 

LUS=0 
C 
C HEGIN DESIGN STBTION LOOP 
C 

7 0 0  JbS=IUS+l 
ISTG=IDS/Z  
IBH=ICS-1 
I F  (IOS.EQ.1) GO TO 7 2 0  
I F  (2*ISTG.NE.IDS) GO TO 7 1 0  
rsRI=l 
GO T O  7 5 0  

7 1 0   I S R I = 2  
GO T O  7 5 0  

I S R I r 3  
G O  TO 7 5 0  

130 I S R I = 4  

7 6 0  F O R M A T  ( 1 H 1 )  

7 2 0  I k  (NSPOOL.GT.1.BND.ISAV.GT.~) GO TO 7 3 0  

150 I F  I IOL~TE.EQ. l .AND. ISRI .LT.3)  WRITE  (NTAPEt7bO) 

I F  ( ISRl .LT.3)  GO TO 780 
k R I T F   ( h T A P E 9 7 7 0 )  

7 7 0  FORWPT ( / / / /56X120H** STATOR I N L E T  1 **) 
7 8 0  I f  (ISHI.EQ.2) GO TO 600 

790 FOHCAT (// / /49Xt29H.* STATOR E X I T  - ROTOR I h L E T   t I l 9 3 H  **I  

800  WRITE  (hTAPF1t310)  ISTG 
810 FGPPAT  ( / / / /57Xg14H**  STAGE EXIT  g 1 1 t 3 H  e*)  

GG T O  8 2 0  

WRITE ( h T A P F 9 7 9 0 )   I S T G  

GO T O  8 2 0  

C 
C C B T n I h  THE P b S S  FLOW 
C 

620 I F  ~1COOL.EQ.O.OR. ISRI .EO.J~  GO TO 830 
I F  (ISRI.EQ.4) GO T O  840 
FLWP=FL~P+FLCC 
I F  (IDS.EO.NDSTAT) GO TO 850 
GO T O  8 4 0  

830 F L l P n F L k M  

840 FLWC=FLkCN(IDS)*FLWM 
IF ( I C O O L ~ E Q I O )  GO TO 850 

850 FLC( IOS)=FLWP 
I F  (1SRI.EO.4) GO TO 1710 
CALL SPECFT 
CALL STRIP  

C 

TD2*0   173  
TD2*O 1 7 4  
TD2*O 175 
TD2*0 176 
TD2.0 1 7 7  
TD2*0   178  
TD2*0179  

T 0 2 * 0 1 A l  
TD2*O 182 
T D 2 4 0 1 8 3  
TD2*0184  
TD21018S 
TD2401A6  
TD2*0 187 
T D 2 4 0 1 8 8  
TD2.0189 
702'0 1 9 0  
TD240 191 
T D Z " 0 1 9 2  
102'0 1 9 3  
TD2*0194  
TD2'0195 
TD240  196 
T 0 2 * 0 1 9 7  
T D 2 Q 0 1 9 8  
TD2*0 199 
TD2*0200  
TD2*02O 1 
T 0 2 4 0 2 0 2  
T 0 2 * 0 2 0 3  
T 0 2 * 0 2 0 4  

T D 2 4 0 2 0 6  
T 0 2 * 0 2 0 7  
T D 2 9 0 2 0 8  
1 0 2 * 0 2 0 9  
T D 2 4 0 2 1 0  
T 0 2 9 0 2 1 1  
T D 2 4 0 2 1 2  
TDZ'G2 13 
T 0 2 * 0 2 1 4  
T D 2 Q 0 2 1 5  
T 0 2 * 0 2 1 6  
T 0 2 * 0 2 1 7  
7 0 2 4 0 2 1 8  

1 0 2 4 0 1 a 0  

~ ~ 2 0 0 2 0 5  

1 
TD2'0219 

CERTAIN  OATa FOG THE OESION  STATION ARE  PUT I h T O  A MORE CONVENIENTTD2*0220 
C F O R M  TD2*0221  
C TD2'0222 

00 9 0 0   J - ~ ~ N S T R A C   1 0 2 ' 0 2 2 3  
RSTRbS ( J)  =RSTRAC (J, 10s) TD2'0224 
A S T S ( J ) = A S T R ( J V I D S )   T D 2 * 0 2 2 5  

9 0 0   C S T S ( J ) = C S T R ( J t I D S )   T D 2 * 0 2 2 6  
IF IISRI.EQ.3) GO T O  1 0 5 0   T D 2 * 0 2 2 7  

I W f i L § = I b R L   ( I S T O )   ~ D 2 * 0 2 2 9  
00 910 JmleNXT TD2.0230 

I F  (ISRI.EQ.2) 00 TO 920 TD2.0228 
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TD2'0231 
TI72*0232 
T02.0233 
T02*0234 
T02*0235 
TI72'0236 
TO200237 
VD2'0238 
T02*0239 
T02.0240 
T D P 0 2 4  1 
TD2*0242 
T0290243 
TD2*0244 
TD2'0245 
TO280246 
TD200247 
TDZ.0248 
TD2*0249 
TD2a0250 
TD2002S1 
Tn2*02!52 
TD2Q0253 
TD2*0254 
T02'0255 
TI7200256 
TO240257 
TD2*0258 
T02'0259 
TI72*0260 
TD2Q0241 
Ti3290262 
Ti3290263 
T02*i)264 
TD2Q026S 
T02*0266 
TI3290267 
702'0248 
TD2a0269 
Tn290270 
i n 2 9 u 2 7 1  
~ ~ 2 9 0 2 7 2  
TD290273 
T02'0274 
TnZ"0275 
TD2e0276 
TP2*0277 

TD240279 

TD2*0281 
TD2*0202 
TD2Q0203 
TD2*0204 
TD2*0205 
TD2*0286 
f 0 2 * 0 2 8 7  
TD2.0288 

~ 0 2 9 0 2 7 0  

~ ~ 2 9 0 2 ~ 0  
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158 

T D 2 * 0 4 0 5  
T @ 2 * 0 4 0 6  
T I3200407  
TDP*0408  

T D 2 * 0 4  10  
T D 2 0 0 4 1 1  
T 0 2 * 0 4 1 2  
T02'0413 
T D 2 0 0 4 1 4  
T 0 2 * 0 4 1 5  
T D 2 * 0 4 1 6  
T O 2 9 0 4 1 7  
TD2*0'4] ,8 
T D 2 * 0 4 1 9  
T D 2 0 0 4 2 0  
T D 2 0 0 4 2 1  
T D 2 0 0 4 2 2  
T O 2 0 0 4 2 3  
T D 2 0 0 4 2 4  
T D 2 0 0 4 2 5  
T D 2 * 0 4 2 6  
T O 2 0 0 4 2 7  
V D Z Q 0 4 2 8  
T I7200429  
T02*04-70  
Y 0 2 * 0 4 3 1  
T D 2 4 0 4 3 2  
'FD2Q0433 
T I3200434  
T D 2 Q 0 4 3 5  
T D 2 * 0 4 3 6  
7 0 2 0 0 4 3 7  
T D 2 * 0 $ 3 8  
T I3290439  
T D 2 * 0 4 4 0  
T D 2 0 0 4 4 1  
T 0 2 9 0 4 4 2  
T D 2 0 0 4 4 3  
T D 2 * 0 4 4 4  
T I3200445  
T 0 2 e 0 4 4 6  

T D Z * O ~ ~ ~  



APPEND I X  V I  

- SUBRgUTINE INPUT2 

T h e   f u n c t i o n  o f  S u b r o u t i n e  INPUT2 i s  t o  w r i t e   t h e   i n p u t   d a t a  f o r  

a s p o o l   o n t o   t h e   o u t p u t   t a p e   u n i t .  

S u b r o u t i n e  INPUT2 i s   c a l l e d   b y   t h e   m a i n   r o u t i n e ;  i t  does n o t  

c a l l   a n y   o t h e r   s u b r o u t i n e s .   T h e   s u b r o u t i n e   d o e s   n o t   r e q u i r e   e x t e r n a l   i n -  

p u t .   I n t e r n a l   i n p u t  t o  t h e   s u b r o u t i n e   i s   t r a n s m i t t e d   t h r o u g h   b l a n k  CBMMPIN, 

C@MMBN/C0M2/,  C@MMgN/CCfM4/, C0"0N/CBMS/, C0MMEfN/C0MIO/, and CBMMBN/CBM12/. 

T h e   i n t e r n a l   i n p u t   c o n s i s t s  o f :  

ASTR CP C STR DVMDR FHP 

F LWC N HP I C00L I M l X  I PgF 

I S A V  I SPEC I STRAC  IWRL NA V 

NBR NDSTAT  NL I NES NSTAT  NSTG 

NSTRAC NSP00L NTA P E NXT RANN 

RNXT RPM R ST RAC RSXT  TBC 

VUM WFN  WRL XM I X  X STAT 

YCBN  YBSS 

( T h e s e   s y m b o l s   a r e   d e s c r i b e d   i n   t h e   a p p r o p r i a t e   s e c t i o n s  of t h e  CR[MM@N 

For t ran   Nomenc la tu re . )   Subrou t ine  INPUT2 does n o t   p r o v i d e   i n t e r n a l   o u t -  

p u t .   T h e   e x t e r n a l   o u t p u t  of t h e   s u b r o u t i n e   c o n s i s t s   o f :  

A STR C P  C STR D VMDR FHP 

FLWCN HP i SAV NSTG RAN N 

RNXT RPM RSTRAC  RSXT T DC 
VUM WRL X M I X  X STAT Y C a N  

Y 0 S S  

A d d i t i o n a l   F o r t r a n   N o m e n c l a t u r e  f o r  S u b r o u t i n e  INPUT2 

T h e   f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e  for  those  

symbols  used i n   S u b r o u t i n e  INPUT2 w h i c h   a r e   n o t   p a r t   o f  CBMMBN. 

F o r t r a n  
Symbol Symbo 1 D e s c r i p t i o n  

C 0 N  1 A l t e r n a t i v e  name fo r  YCPIN(1)  " 

CgN2 A l t e r n a t i v e  name f o r  YC0N(2) " 

U n i t s  
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C0N3 

C ON4 

C 0 N 5  

CBN6 

C 0 N 7  

C ON8 

C 0 N 9  

FMT 1 

FMT2 

FMT 3 
FMT4 

MJl 

Hw2 

I STG 

IW 

NB 

NBLNK 

NE 

NF 

NF I LL 

Symbo 1 

2'' 

D e s c r i p t i o n  

A 1  t e r n a t i v e  name f o r  YC0N(3)  

A l t e r n a t i v e  name for YCON(4) 

A l t e r n a t i v e  name f o r  YCBN(5) 

A l t e r n a t i v e  name for  YCBN(6)  

A 1  t e r n a t i v e  name f o r  YCON(7) 

A l t e r n a t i v e  name f o r  YCBN(8)  

A l t e r n a t i v e  name f o r  YCON(9) 

F o r m a t   s p e c i f i c a t i o n  

F o r m a t   s p e c i f i c a t i o n  

F o r m a t   s p e c i f i c a t i o n  

F o r m a t   s p e c i f i c a t i o n  

A lphanumer ic   in fo rmat ion  

A lphanumer ic   in fo rmat ion  

Stage i ndex 

I n t e g e r   u s e d   t o   c o n t r o l   f o r m a t  
s p e c i f i c a t i o n s  

I n t e g e r   u s e d   t o   c o n t r o l   f o r m a t  
s p e c i f i c a t i o n s  

in teger   used t o  c o n t r o l   f o r m a t  
s p e c i f i c a t i o n s  

I n t e g e r   u s e d   t o   c o n t r o l   f o r m a t  
spec i f i c a t i o n s  

In teger   used t o  c o n t r o l   f o r m a t  
s p e c i f i c a t i o n s  

. I n t e g e r   u s e d   t o   c o n t r o l   f o r m a t  
s p e c i f i c a t i o n s  

U n i t s  

" 

" 

" 

" 

" 

" 
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IrlP*OOOO 
INPrOOOl 
INP"0002 
INP'0003 
INP*0004 
IhlP*0005 
INP*0006 
INP.0007 
INP*OOOtl 
INP10009  
INP*OOlO 
I N P * O O l l  
INP'0012 
INP.0013 
INP*0014 
INP*0015 
INP'0016 
INP'0017 
INP*0018 
INP.0019 
INP*OOZO 
1NP*0021 
INP*OO22 
INP.0023 
IKP.0024 
INP*0025 

INP.0027 
INP"OO28 
INP*0029 
INP*0030 
INP*0031  
1NP*0032 
INP*0033  
INP*0034  
INP*0035  
INP90036  
INP*0037 

INP*0039  
INP.0040 
INP*0041  
INP*0042  
INP*0043 
INP.0044 
INP.0045 
INP.0046 
INP.0047 
Ih 'P*0048 
INP.0049 
INP*OOSO 
INP*OOSl 
INP*0052  
INP*OOS3 
INP*0054 
INP.0055 
INP*OO56 

1 ~ ~ * 0 0 2 6  

INP+OO38 
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I N P * 0 0 5 7  
IbJP*0058 
XNP*0059 
I N P * 0 0 6 0  

I N P * 0 0 6 2  
I N P * 0 0 6 3  
INP.0064 
INP*OO65 
I N P * 0 0 6 h  
INP*00(>7 
INP*OOfrkl 
I N P e 0 0 6 9  

I " J P * 0 0 7 1  
INP'0072 
I N P * 0 0 7 3  
I N P 0 0 0 7 4  
INP*OO7S 
I N P * 0 0 7 6  
I N P a 0 0 7 7  
I N P " 0 0 7 8  
I N P * 0 0 7 9  
INP*OOBO 
ILlP*OORl 
INPQOOf32 
I N P e 0 0 8 3  
I N P * 0 0 8 4  
INP*OO85 
I N P 9 0 0 8 6  
I N P * 0 0 8 7  
INP*OORB 
INP*OOR9 
I N P " 0 0 9 0  
I N P * 0 0 9 1  
I N P * 0 0 9 2  
I N P 9 0 0 9 3  
I N P * 0 0 9 4  
I N P * 0 0 9 5  
I N P * 0 0 9 6  
I N P * 0 0 9 7  
I N P * 0 0 9 H  
I N P * 0 0 9 9  
INP*OlOO 
I N P * 0 1 0 1  
I N P * O l O Z  
I N P * 0 1 0 3  
I Y P * O  1 0 4  
INP*O105  
I N P " 0 1 0 6  
I N P * 0 1 0 7  
I N P * 0 1 0 8  
INP.0109 
I N P * 0 1 1 0  
I N P ' O l l l  
INP.0112 
INP.0113 
INP.0114 

1 ~ ~ * 0 0 6 1  

1 ~ ~ 9 0 0 7 0  
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APPENDIX V I  I 

SUBR0UTlNE  STRAC 

The f u n c t i o n  of Subrout ine STRAC i s  to  ob ta in   the   ang les   o f   in -  

c l i n a t i o n  and  curvatures  o f   the hub and cas ing   s t reaml ines   a t  each  design 

s t a t i o n   o f  a spool.  This i s  done i n  a manner such tha t   the   ob ta ined  va l -  

ues can be t reated  as i f  they had  been spec i f ied   in   the   inpu t   da ta .  

Subrout ine STRAC i s   c a l l e d  by  the  main  rout ine when st reaml ine 

a n g l e s   o f   i n c l i n a t i o n  and   cu rva tu res   a re   no t   spec i f i ed   i n  t h e  input  data;  

it does n o t   c a l l  any other  subroutines.  The  subroutine does no t   requ i re  

ex terna l   inpu t  and  does no t   p rov ide   ex te rna l   ou tpu t .   In te rna l   inpu t  and 

ou tpu t   o f   the   subrout ine   a re   t ransmi t ted   th rough  b lank  CeMMBN, and CgMM0N/ 
CBM5/. The in te rna l   i npu t   cons i s t s   o f :  

NDSTAT RANN X STAT 

The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

ASTR C STR  NSTRAC  RST RAC 

(These  symbols a re   descr ibed  in   the   appropr ia te   sec t ions   o f   the  C0MM0N 

Fortran  Nomenclature.) 

Add i t iona l   For t ran   Nomenc la tu re   fo r   Subrout ine  STRAC 

The fo l low ing   tab le   g ives   the   For t ran   nomenc la tu re   fo r   those 

symbols  used in   Subrou t ine  STRAC wh ich   a re   no t   pa r t   o f  COMMPIN. 

Fo r t   ran  
Symbo 1 Symbo 1 Descr iD t ion  Un i t s  

DTDX (&) Second d e r i v a t i v e   o f   t h e   r a d i a l  
d.ra i p o s i t i o n   o f   t h e  hub o r   c a s i n g   a t  

a d e s i g n   s t a t i o n   w i t h   r e s p e c t   t o  
a x i a l   p o s i t i o n   p e r  f t  

DX 'm~(~q+,-x,,x,-&-;) Sma 1 1 e r   o f  DXL and DXR f t  

DXL 7%- x,- L Ax ia l   d i s tance  between a design 
s t a t i o n  and the  upstream  sta- 
t i o n  f t  

DXR XI+ \ - x i  Axia l   d is tance between  the down- 
s t ream  s ta t i on  and a design  sta- 
t i o n  f t  

TANA D e r i v a t i v e   o f   t h e   r a d i a l   p o s i -  
t i o n   o f   t h e  hub o r   c a s i n g   a t  a 
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F o r t   r a n  
Symbo 1 

TAN L 

TANR 

Symbo 1 D e s c r i D t i o n  

d e s i g n   s t a t i o n   w i t h   r e s p e c t   t o  
a x i a l   p o s i t i o n  

(fl- ",J S t r a i g h t - l i n e   s l o p e  of t h e  hub 

\%> - &,) or   cas ing   s t reaml ine   be tween  a 
des ign   s ta t i on   and   t he   ups t ream 

" 

s t a t i o n  " 

(-t-+, - $1 S t r a i g h t - l i n e   s l o p e  of  t he  hub o r  

N + ,  - 71) c a s i n g  stre;,Jl ine  between  the 
downstream s t a t i o n  and a des ign 
s t a t   i o n  
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SURRObTI l vE   STRPC 
C 
C STRAC - D E T E R F I h A T I O N  OF HUB PkD C A S I N G   V A L U E S  OF S T R E A M L I ~ J E  
C A M L E S  OF INCLINATION AND CURVATURES 

S T C * 0 0 0 0  
STCQOOOl  
S T C * 0 0 0 2  
S T C * 0 0 0 3  
S T C Q 0 0 0 4  
S T C Q 0 0 0 5  
S T C ' 0 0 0 6  
S T C * 0 0 0 7  
S T C Q 0 0 0 8  
S T C Q 0 0 0 9  
S T C Q O O l O  
S T C Q O O l l  
S T C * G O l Z  
STCQOO 13 
S T C * 0 0 1 4  
STC*OO 15 
S T C Q 0 0 1 6  
S T C Q O O l 7  
STCQOO18 
S T C Q 0 0 1 9  
! j T C C 0 0 2 0  
S T C Q 0 0 2 1  
STC'0022 
S T C Q 0 0 2 3  
S T C 4 0 0 2 4  
S T C Q 0 0 2 5  
S T C * 0 0 2 6  
S T C Q 0 0 2 7  
S T C * 0 0 2 8  
S T C ' 0 0 2 9  
S T C O O 0 3 0  
S T C * 0 0 3 1  
S T C * 0 0 3 2  
STC@0033  
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APPENDIX V I  I I 

SUBRBUT I NE SPECHT 

T h e   f u n c t i o n   o f   S u b r o u t i n e  SPECHT i s   t o   d e t e r m i n e   v a r i o u s   V a l -  

ues o f   t h e   s p e c i f i c   h e a t   a t   c o n s t a n t   p r e s s u r e ,   s p e c i f i c   h e a t   r a t i o ,   a n d  

r e l a t e d   p a r a m e t e r s   w h i c h   a r e   r e q u i r e d   t o   p e r f o r m   t h e   c a l c u l a t i o n s   a t  a 

p a r t i c u l a r   d e s i g n   s t a t i o n .  

Subrout ine SPECHT i s   c a l l e d  by the   ma in   rou t i ne ;  i t  does n o t  

c a l l  any  o ther   subrout ines.   The  subrout ine does n o t   r e q u i r e   e x t e r n a l   i n -  

put   and does n o t   p r o v i d e   e x t e r n a l   o u t p u t .   I n t e r n a l   i n p u t   a n d   o u t p u t   o f  

t h e   s u b r o u t i n e   a r e   t r a n s m i t t e d   t h r o u g h   b l a n k  CBMMPIN, C0MM0N/C0M2/, and 

CPIMM0N/CPiM6/. The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

CP E JAY GASC GB I SAV 

I SR I N D STAT NSP00L 

The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

CP 1 CP2 CP3 CP4 CP5 

EJCP 1 EJCP2 GAMA 1 GAMA2 GAMA3 

GAMB 1 GAMC 1 GAMD2 GAMD3 GAMD4 

GAMD 5 GAM 1 GAM2 GAM3 GAM4 

GAM5 GGG 1 GJCP 1 GJCP12  GJCP2 

GJCP22 GJCP32 G JC P42 GJCP52 

(These  symbols   a re   descr ibed  in   the   appropr ia te   sec t ions   o f   the  CBMMBN 

Fortran  Nomenclature.)  

Add i t i ona l   Fo r t ran   Nomenc la tu re   f o r   Subrou t ine  SPECHT 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

w h i c h   a r e   n o t   p a r t   o f  CBMMBN. 

Descr i p t   i o n   U n i t s  

i f i c   h e a t   a t   c o n s t a n t   p r e s -   B t u   p e r  lbm 
a t   t h e   i n l e t   o f  a spool  deg R 

i f  i c   h e a t   a t   c o n s t a n t   p r e s -   B t u   p e r  lbm 
a t   t h e   i n l e t  o f  t h e   t u r b i n e  deg R 

symbols  used i n   S u b r o u t i n e  SPECHT 

F o r t   r a n  
Symbo 1 Symbol 

C P l O  b Spec 
sure 

C P l O O  '.p &:t Spec 
su re  
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F o r t r a n  
Symbo 1 

FUN 1 

FUN2 

FUN3 

Symbol D e s c r i p t i o n  

A r i t h m e t i c   s t a t e m e n t   f u n c t i o n  de- 
f i n i n g   s p e c i f i c   h e a t   r a t i o   i n  
t e r m s   o f   s p e c i f i c   h e a t   a t   c o n -  
s tan t   p ressure   and gas cons tan t  " 

A r i t h m e t i c   s t a t e m e n t   f u n c t i o n  de- 
f i n i n g  a p a r a m e t e r   r e l a t e d   t o  
s p e c i f i c   h e a t   r a t i o  " 

A r i t h m e t i c   s t a t e m e n t   f u n c t i o n  de- 
f i n i n g  a p a r a m e t e r   r e l a t e d   t o  
s p e c i f i c   h e a t   r a t i o  " 

U n i t s  
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SPE*OOOO 
SPEQO 0 0 1 
SPEQ0002 
SPEQOOO3 
S P E * 0 0 0 4  
SpEQoO05 
S P E * 0 0 0 6  
S P E * 0 0 0 7  
S P E * 0 0 0 8  
SPEQOOOY 
SPEQOOlO 
SPEQOO 11 
S P E 9 0 0 1 2  
S P E 6 0 0 1 3  
S P E Q 0 0 1 4  
S P E 0 0 0 1 5  
S P E g 0 0 1 6  
SPEOOO 1 7  
S P E 4 0 0 1 B  
S P E * 0 0 1 9  
S P E Q 0 0 2 0  
S P E Q 0 0 2 1  
S P E * 0 0 2 2  
S P E Q 0 0 2 3  
SPE*O024 
S P E * 0 0 2 5  
S P E Q 0 0 2 6  
SPEQOO27 
S P E * 0 0 2 8  
S P E Q 0 0 2 9  
SPEU0030  
S P E Q 0 0 3 1  
S P E 9 0 0 3 2  
S P E 0 0 0 3 3  
S P E Q 0 0 3 4  
SPE'0035 
SPE'0036 
S P E * 0 0 3 7  
S P E " 0 0 3 8  
SPEQO 039 
S P E * 0 0 4 0  
S P E 0 0 0 4 1  
S P E Q 0 0 4 2  
SPE'0043 
S P E Q 0 0 4 4  
SPEQO045 
S P E Q 0 0 4 6  
SPE'0047 
S P E * 0 0 4 8  
S P E 9 0 0 4 9  
SPE*0050  
S P E Q 0 0 5 1  
SPE*OOS2 
SPE"0053  
SPE*0054 
SPE'0055 

17 0 



APPEND I X I X 

SUBROUTINE P0WER2 

T h e   f u n c t i o n  of  S u b r o u t i n e  PgWER2 i s  t o  c o n t r o l   t h e   i t e r a t i o n  

o n  ro to r  m e a n l i n e   t o t a l   t e m p e r a t u r e   d r o p   u s e d  t o  s a t i s f y   t h e   o v e r - a l l  

s t a g e   p o w e r   o u t p u t   r e q u i r e m e n t .  

S u b r o u t i n e  P0WER2 i s   c a l l e d   b y   t h e   m a i n   r o u t i n e   e a c h   t i m e   s t r e a m -  

l i n e   l o c a t i o n s   a r e   r e e s t i m a t e d   a t  a s t a g e   e x i t   d e s i g n   s t a t i o n ;  i t  does   no t  

c a l l   a n y   o t h e r   s u b r o u t i n e s .   S u b r o u t i n e  PgWER2 does not r e q u i r e   e x t e r n a l  

i n p u t   a n d   d o e s  not p r o v i d e   e x t e r n a l   o u t p u t .   I n t e r n a l   i n p u t   a n d   o u t p u t   a r e  

t r a n s m i t t e d   t h r o u g h   b l a n k  CBMMBN, C f l M M @ N / C @ M l / ,  C@MM0N/C@M2/, C0MM@N/C0M3/ ,  

C0MM0N/C0Mh/ ,  C!dMM0N/C0M5/,  C0MM0N/C0M7/ ,  and  C0MM0N/C0M9/.  T h e   i n t e r n a l  

i n p u t   c o n s i s t s  o f :  

DT0  EJCP2 ENM 1 F HP 

FLWP HP I L00P I STG 

MEAN NL 1 N E S  NTUBES T0 

T IzrU 

( T h e s e   s y m b o l s   a r e   d e f i n e d   i n   t h e   a p p r o p r i a t e   s e c t i o n s  o f  t h e  C@MM@N F o r -  

t r a n   N o m e n c l a t u r e . )   T h e   i n t e r n a l   o u t p u t   t r a n s m i t t e d   t h r o u g h  CBMMgN con-  

s i s t s  o f :  

DT0 

T h e   i n t e r n a l   o u t p u t   t r a n s m i t t e d  a s  the   a rgumen t  o f  t h e   c a l l i n g   s e q u e n c e  

I s :  

I P C 0 N V  

A d d i t i o n a l   F o r t r a n   N o m e n c l a t u r e  f o r  S u b r o u t i n e  P0WER2 

F o r t   r a n  
Syrnbo 1 Symbo 1 D e s c r i p t i o n  Un i t s  

DT @A 

-~ i" i...-i"l_ , 

... ̂  .- 

A'L S t r e a m t u b e   a v e r a g e   t o t a l   t e r n p e r a -  
t u r e   d r o p   a c r o s s  a r o t o r ;  e q u i v a -  
l e n t  t o  mass a v e r a g e   t o t a l   t e m -  
p e r a t u r e   d r o p  when s t ream1 i ne 
l o c a t i o n s   h a v e   c o n v e r g e d   d e g  R 

: 0 ' 1  ;., im, M e a n l i n e   t o t a l   t e m p e r a t u r e   d r o p  
a c r o s s  a ro to r  employed i n  t h e  

DT 00 
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I PCgNV 

PARAM 

P ow 

TflLPflW 

Symbo 1 D e s c r i p t i o n  

prev ious   pass   th rough  the   loop  
o n   s t r e a m l i n e   p o s i t i o n s  

U n i t s  

deg R 

I n d i c a t o r :  
IPCflNV=O i f  the   ach ieved  s tage 
power ou tpu t   has   no t   converged 
t o   t h e   d e s i r e d   v a l u e  
IPCgNV=l i f  the   ach ieved  s tage 
power o u t p u t  has  converged t o  
t h e   v a l u e   s p e c i f i e d   i n   t h e   i n p u t  -- 

- 

f i  1 ' A  S p e c i f i e d  mass ave raged   to ta  1 
temperature  drop  across t h e   r o -  
t o r  deg R 

u j  TC-i,,j ATo S p e c i f i e d  mass averaged  power 
o u t p u t   o f  a r o t o r  f t  l b f / s e c  

To le rance  used  to   check   whether  
t h e   i t e r a t i o n  on  stage  power 
o u t p u t  has  converged " 
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SUNROUTINE POWER2 (IPCOl4V) POW*0000 
POrJ+OOOl  
POY*OO02 
POW*0OOJ 
POY*0004 
Pow*ooos 
POW*0006 
POW*OO07 
POW.0008 
Pou*ooo9 
POW*OO 10 
POW*0011 
POW*0012 
POr*0013 
POW*O014 
POU*0015 
POU*0016 
POW*0017 
POW*0018 
POw*O019 
PCIW*0020 
POW*0021 
POW*0022 
POW*0023 
POW*OO24 
P0w*0025 
POW90026 
POW.0027 
POw*0028 
POW.0029 
POW*0030 
POr*0031 
POW*0032 
POW.0033 
POw*0034 
POW*OO35 

POW.0037 
POw*0036 

POc*0038 
POY*003y  
POw.0040 
POW*0041 
POW*0042 
POw*OO43 
POU*0044 
POW*OO45 
POy*0046 
POU@0047 
POU*QO48 
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APPENDIX X 

SUBRgUT I NE I 1AP 1 

T h e   p r i m a r y   f u n c t i o n   o f   S u b r o u t i n e  I l A P l  i s   t o   p e r f o r m   p a r a -  

b o l i c   i n t e r p o l a t i o n   o f  a t a b u l a t e d   f u n c t i o n   o f  one  var iab le.  I f  para-  

b o l i c   i n t e r p o l a t i o n   c a n n o t  b e   p e r f o r m e d ,   l i n e a r   i n t e r p o l a t i o n   o r   e x -  

t r a p o l a t i o n ,   o r   e x t r a p o l a t i o n   o f  a s i n g l e   v a l u e   i s   p e r f o r m e d .  

Subrou t ine  I l A P l  i s   c a l l e d  by the   ma in   rou t ine   and  Subrout ines  

STRVL2 and D E R 1  

I l A P l  does n o t  

p u t .   I n t e r n a l  

r o u t i n e .  The i 

I MX 

V2; i t  does n o t   c a l l  any o t h e r   s u b r o u t i n e s .   S u b r o u t i n e  

r e q u i r e   e x t e r n a l   i n p u t   a n d  does n o t   p r o v i d e   e x t e r n a l   o u t -  

inpu t   and  ou tpu t   a re   t ransmi t ted   as   a rguments   o f   the   sub-  

n t e r n a l   i n p u t   c o n s i s t s   o f :  

X XP Y 

The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

YP 

For t ran   Nomenc la tu re   fo r   Subrout ine  I l A P l  . ~ - 
The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  I l A P l .  S ince   t he   sub rou t ine  may be   used  w i th  

a n y   c o n s i s t e n t   s e t   o f   u n i t s ,   t h e   u n i t s   o f   t h e   s y m b o l s   a r e   n o t   s p e c i f i e d .  

The s u b s c r i p t  I ,  where   ind ica ted ,  I 

F o r t r a n  
Symbo 1 Symbo 1 

A a Coef f 
term 

B 

D l  

DREF 

s a t a b u l a r   e n t r y   i n d e x .  

D e s c r i D t i o n  

c i e n t   o f   t h e   s e c o n d - o r d e r  
n t h e   e x p r e s s i o n   f o r Y  as 

I 

I 

a f u n c t i o n   o f  X 

b C o e f f i c i e n t   o f   t h e   f i r s t - o r d e r  
t e r m   i n   t h e   e x p r e s s i o n  f o r y  as 
a f u n c t i o n   o f  % 

Distance  between a t a b u l a r   e n t r y  
o f %  a n d   t h e   v a l u e   o f  X a t   w h i c h  
a v a l u e   o f  y i s  t o  be   ob ta ined 

Smal lest   d is tance  between a tabu- 
l a r   e n t r y  o f  X a n d   t h e   v a l u e   o f  X 
a t   w h i c h  a v a l u e   o f  y i s  t o  be 
o b t a  i ned 

/g-%pI 
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F o r t r a n  
S ymbo 1 

I E  

I MX 

I REF 

I RM 

I RP 

NE 

XP 1 

x2 1 

X32 

Y ( I )  

Y P  

Y21 

Y32 

Symbo 1 

i 

? + I  

x 

*P 

D e s c r i p t i o n  

Index o f  t h e   f i r s t   t a b u l a r   e n t r y  
used t o  o b t a i n  a l i n e a r   v a r i a -  
t i o n  of  Y as a f u n c t i o n  of  x 
Number o f   t a b u l a r   e n t r i e s  

Index of t h e   t a b u l a r   e n t r y   o f  
X wh ich   g i ves  DREF 

Index o f  t h e   t a b u l a r   e n t r y   p r e -  
ced ing  IREF 

Index o f  t h e   t a b u l a r   e n t r y   f o l -  
lowi   ng I REF 

Index   o f   the   second  tabu la r  
en t r y   used  to  o b t a i n  a l i n e a r  
v a r i a t i o n   o f  y as a f u n c t i o n  
o f  x 
T a b u l a r   e n t r i e s   o f   t h e   i n d e p e n -  
d e n t   v a r i a b l e  

The  value of   the  independent  
v a r i a b l e   a t   w h i c h  a v a l u e   o f  
t h e   d e p e n d e n t   v a r i a b l e   i s   t o  be 
o b t a i n e d  

D i f f e r e n c e   i n  two  values of  t h e  
i ndependen t   va r iab le  

D i f f e r e n c e   i n  two  values o f  t h e  
i ndependen t   va r iab le  

D i f f e r e n c e   i n  two  va lues  o f   the 
i ndependen t   va r iab le  

T a b u l a r   . e n t r i e s  o f  the  dependent 
v a r i a b l e  

The  va lue  o f   the  dependent   var i -  
a b l e   t o  be o b t a i n e d  

D i f f e r e n c e   i n  two  va lues   o f   the  
dependent   var iab le 

D i f f e r e n c e   i n   t w o   v a l u e s   o f   t h e  
dependent v a r i a b l e  

U n i t s  

" 

" 

" 

" 

" 

" 

17 5 



IlA*OOi)O 
IlA*OOOl 
11A*0002 
11A*0003 
IlA*0004 
IlA.0005 
IlA.0006 
IlA*OOO7 
IlA*O008 
11AQ0009 
11A*0010 
11A*0011 
I1A*0012 
IlA*0013 
IlA*OO14 
IlA*o015 
IlA.0016 
11A00017 
I 1  A*0016 
IlA*0019 
I 1A*OOEO 
IlA*0021 
I 1  A"0032 
IlA.0023 
I 1  A00024 
IlA*OO25 
I 1  A*0026 
IlAQ0027 
IlA.0028 
I 1Af0029 

IlA*0031 
I1A*0032 
11 A.0033 
IlA*0034 
IlA*OO35 
IlA.0036 
IlA.0037 
I lAe0038 

11A*o030 
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APPEND I X  X I 

SUBRBUTINE  SLBPE 

The f u n c t i o n   o f   S u b r o u t i n e  SLBPE i s   t o   o b t a i n   t h e   d e r i v a t i v e   o f  

a t a b u l a t e d   f u n c t i o n   w i t h   r e s p e c t  t o  the   independent   var iab le   a t   each 

t a b u l a r   e n t r y  of  t h e   v a r i a b l e .  

Subrou t ine  SL0PE i s   c a l l e d  by  Subrout ines STRVL2 and LflSCBR; i t  

does n o t   c a l l   a n y   o t h e r   s u b r o u t i n e s .   S u b r o u t i n e  SLBPE does n o t   r e q u i r e  

ex te rna l   i npu t   and  does no t   p rov ide   ex te rna l   ou tpu t .   I n te rna l   i npu t   and  

ou tpu t   a re   t ransmi t ted   as   a rguments  of  the   sub rou t ine .   The   i n te rna l   i npu t  

c o n s i s t s  o f :  

X Y I MX 

The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

DY DX 

For t ran   Nomenc la tu re   fo r   Subrout ine  SLBPE 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  SLBPE. S ince   t he   sub rou t ine  may be  used w i t h  

a n y   c o n s i s t e n t   s e t   o f   u n i t s ,   t h e   u n i t s   o f   t h e   s y m b o l s   a r e   n o t   s p e c i f i e d .  

The s u b s c r i p t  I ,  where   i nd i ca ted ,   i s  a tabu la r   en t r y   i ndex .  

F o r t r a n  
Symbo 1 

A 

D Y D X (  I) 

I 

I MX 

I M1 

x2 1 

Symbo 1 D e s c r i p t i o n  

LL C o e f f i c i e n t  o f  t h e   f i r s t - o r d e r  
t e r m   i n   t h e   e x p r e s s i o n   f o r  y 
as a f u n c t i o n   o f  .x 
T a b u l a t e d   v a l u e s   o f   t h e   d e r i v a -  
t i v e   o f y   w i t h   r e s p e c t  t o  Y [%)i 

i Index o f  t h e   t a b u l a r   e n t r i e s  

Number o f   t a b u l a r   e n t r i e s  

Number of  t a b u l a r   e n t r i e s   m i n u s  
one 

si T a b u l a r   e n t r i e s  of  the  indepen-  

%i - X,"\ D i f f e r e n c e   i n  t w o  va lues of  t h e  

d e n t   v a r i a b l e  

i ndependen t   va r iab le  

" 

" 

" 

" 

U n i t s  
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Fortran 
Symbo 1 Symbo 1 

Y21 r- -x- ,  
Y32 x+, - % 

Description  Units 

Difference in two  values of the 
independent  variable " 

Tabular  entries  of  the  dependent 
variable " 

Difference in two  values  of  the 
dependent  variable " 

Difference in two values  of  the 
dependent  variable " 
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sLo*oooo 
S L 0 * 0 0 Q 1  
sLo*ooo2 
SLO*Qr)O3 
S L 0 * 0 0 0 4  
sLo*ooo5 
S L 0 * 0 0 0 6  
SL0*0007 

S L 0 * 0 0 0 9  
SLO*OO 1 0  
SLO*0011  
S L O * O O l ~  
SLO*OO 13 
S L 0 * 0 0 1 4  
SLO*OO15 
SL0*0016 
S L 0 * 0 0 1 7  
SLO*0018  
S L 0 * 0 0 1 9  
SLO*0020  
S L 0 * 0 0 2 1  
SLO.0022 
SL0'0023 
SLOY0024  

sLo*oooa 
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APPEND I X X I I 

SUBRBUT I NE STR I P 

The f u n c t i o n   o f   S u b r o u t i n e  STRIP i s   t o   o b t a i n   t h e   i n i t i a l   e s t i -  

mate o f   t h e   r a d i a l   p o s i t i o n  of  e a c h   s t r e a m l i n e   a t  a d e s i g n   s t a t i o n .  

Subrou t ine  STRIP i s   c a l l e d   b y   t h e   m a i n   r o u t i n e ;  i t  does n o t   c a l l  

any   o ther   subrout ines .   The  subrout ine  does n o t   r e q u i r e   e x t e r n a l   i n p u t   a n d  

does no t   p rov ide   ex te rna l   ou tpu t .   I n te rna l   i npu t   and   ou tpu t  o f  the  sub- 

r o u t i n e   a r e   t r a n s m i t t e d   t h r o u g h   b l a n k  CBMMBN, CBMM@N/C@M4/, and CBMMBN/ 

CBM5/. The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

I D S  I STRAC  NL I NES NTUBES RANN 

WF N 
The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

RST 

(These   symbo ls   a re   desc r ibed   i n   t he   app rop r ia te   sec t i ons   o f   t he  CBMMBN 

Fortran  Nomenclature.)  

A d d i t i o n a l   F o r t r a n   N o m e n c l a t u r e   f o r   S u b r o u t i n e  STRIP 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  STRIP w h i c h   a r e   n o t   p a r t   o f  C0MM0N. 

F o r t r a n  
Symbol Symbo 1 D e s c r i p t i o n  

1 STAT S t a t i o n   i n d e x  

Un i t s  
” 

J j Streaml ine   index  ” 
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sTP*oono 
STP*OOOl 
STP*OOOZ 
STP*0003 
STP*0004 
StP*0005 
STP*0006 
STP*0007 
S T P * 0 0 0 8  
STP*0009 
STP*OO 10 
STP*0011 
STP*0012 
STP"0013 
STP*0014 
STP*0015  
STP*0016 
STP*OO 17 
STP*OOl8 
STP*0019 
STP*OO20 
STP*0021 
STP*0022 
STP*0023 
STP*OO24 
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APPEND I X X I 1.1 

SUBRdUT I NE STRV-L2. 

The f u n c t i o n   o f   S u b r o u t i n e  STRVL2 i s  t o  o b t a i n   s t r e a m l i n e   V a l -  

ues o f   t h e   i t e m s   w h i c h   a r e   r e q u i r e d   f o r   t h e   s o l u t i o n  of  t h e   r a d i a l   e q u i l i b -  

r i u m   e q u a t i o n   a t  a des ign   s ta t i on .  

Subrou t ine  STRVL2 i s   c a l l e d  by   the   ma in   rou t ine ;  i t ,  i n   t u r n ,  

c a l l s   S u b r o u t i n e s  l l A P l  and SL0PE. Subrou t ine  STRVL2 does n o t   r e q u i r e   e x -  

t e r n a l   i n p u t   a n d  does no t   p rov ide   ex te rna l   ou tpu t .   I n te rna l   i npu t   and  

o u t p u t   o f   t h e   s u b r o u t i n e   a r e   t r a n s m i t t e d   t h r o u g h   b l a n k  C14MM0N, C0MM0N/ 

C0Ml/, C@MMmN/C0M2/, C@MM!dN/CgM3/, CBMM@N/C@Mb/, C0MMgN/CgMS/, CBMM0N/ 

C@M8/,  and C@MM0N/CBMl l / .  The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

ASTS  BETLT C STS DVMDS 

I P$FS I SPEC I S R l  I WRLS 

NL I NES N LT  NSTRAC  NXT 

PBLT PBRU P 0u R LT 

RPM RST  RSTRAS  RXTS 

TBLT T0R U TBU  VT U 

WRLS Y 0s 
(These   symbo ls   a re   de f i ned   i n   t he   app rop r ia te   sec t i ons  o f  t h e  C0MM0N Fo r -  

t r a n   N o m e n c l a t u r e . )   T h e   i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

AY BET C R V  DADR 

DBDR DPBDR DPaUDR DPRUDR 

DTBDR  DT0UDR  DTRUDR DVMDRS 

DVTUDR  FAC L Per TPI 

U 

A d d i t i o n a l   F o r t r a n   N o m e n c l a t u r e   f o r   S u b r o u t i n e  STRVL2 
~ 

F o r t r a n  
S ymbo 1 

AY P 

Symbol D e s c r i p t i o n  Un i t s  

Ail Streaml ine   va lue   o f   t he   s t ream-  
l i n e   a n g l e   o f   i n c l i n a t i o n   r a d  

BETP Pij S t r e a m l i n e   v a l u e   o f  t h e   f l o w  
a n g l e  r a d  

CRVP S t reaml ine   va lue  o f  the  s t ream- 
1 i n e   c u r v a t u r e   p e r  f t  
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Fortran 
Symbol 

DVMDRP 

PraP 

RP 

T0P 

WRLP 

Y0SP 

Symbol Description 

9j 
Streamline value of meridio- 
nal velocity  gradient 
Streamline  value  of the total 
pressure 
Radial position of a stream- 
1 ine 
Streamline  value  of  the total 
temperature 
Streamline value of the flow 
angle  at a stator exit 

Stream1 i ne value  of total- 
pressure-loss  coefficient or 
additional loss factor 

(pa) 

+i j 

K)  ij 

Units 

per sec 

PSf 

ft 

deg R 

rad 

" 
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S T V * 0 0 0 0  
S T V * 0 0 0 1  
S T V * 0 0 0 2  
S T V * 0 0 0 3  
S T V * 0 0 0 4  
S T V * 0 0 0 5  
S T V * 0 0 0 6  
S T V * 0 0 0 7  
STV*0008  
S T V * 0 0 0 9  
S T V * 0 0 1 0  
S T V * O O l l  
S T V * 0 0 1 2  
S T V * 0 0 1 3  
S T V * 0 0 1 4  
S T V * 0 0 1 5  
S T V * 0 0 1 6  
S T V * 0 0 1 7  
S T V * 0 0 1 ~  
S f V * O O  19 
S T V * 0 0 2 0  
S T V * 0 0 2 1  
STV*OO22 
S T V * 0 0 2 3  
S T V * 0 0 % 4  
S T V * 0 0 2 5  
S T V * 0 0 2 6  
S T V * 0 0 2 7  
S T V * 0 0 2 8  
S T V * 0 0 2 9  
S T V * 0 0 3 0  
S T V * 0 0 3 1  
S T V 1 0 0 3 2  
STV*0033 
S T V * 0 0 3 4  
S T V * 0 0 3 5  
S T V * 0 0 3 6  
S T V * 0 0 3 7  
STV*O038  
S T V * 0 0 3 9  
S T v * 0 0 4 0  
S T V * 0 0 4 1  
S T V * 0 0 4 2  
S T V * 0 0 4 3  
S T V * 0 0 4 4  
S f V * 0 0 4 5  
STV*OO46 
S T V * 0 0 4 7  
STV*004B 
S T V * 0 0 4 9  
S T V * 0 0 5 0  
S T V * 0 0 5 1  
S T V * 0 0 5 2  
STV*OO53 
STV*OO54 
SfV*0055 
STV*OOSb 
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UVMDRS (J)  SDVHDRP 

CALL I ~ ~ P ~ ( R P ~ Y O S P I R X T S ~ Y O S ~ N X T )  
FACL (.J)=YOSP 

200 I F  (1SPtC.En.l)  GO T O  5 0 0  

500 CONllhUE 
IF (ISRI.EQ.2) G O  TO 600 
CALL SLOPE(RST~TOIDTODRINLINES) 
IF (ISRI.EQ.3) GO T O  SSO 
CALL SLOPE(RSTgPOUtDPOUDR(NL1NES) 

CALL .SLOPE (nST,EETtDBDR,Ni.INES) 
CALL SLOPE(RSl,AYrDADR,NLINES) 

CALL SLCPE(RST,PO,DPODR,NLINES) 
GO TO 000  

600 CALL SLOPE(RSTIPORU,DPRUDRtkLINES) 
CALL SLOPEfRST,TORUIOTRUDR,NLINES) 
CALL SLOPE(RST,TOU,DTOUDR~NLINES) 
CALL SLOPE(RSTIVTU~DVTUDR,NLINES) 

800 RIZTURL 
END 

5 5 0  IF (I*HLS.EQ.O.AND.ISWI.EQ.l~ GO TO 800 

IF (IwI.Eo.1) GO TO eo0 

STV.0057 
STV*0058 
STV*0059 
STV'0060 

STV*0062 
STV*0063 
SlV+OO64 
STV+0065 
STV*0066 
STV*0067 
S f V * 0 0 6 8  
STV.0069 
STV*OO7O 
STV.0071 
STV*0072 
STV.0073 
STV.0074 
STV*0075 
STV.0076 
STVe0077 

s ~ v . 0 0 6 1  
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APPENDIX  X I V  

SUBRBUTINE  VMNTL2 

The f u n c t i o n  of Subrou t ine  VMNTL2 i s   t o   o b t a i n   a n   i n i t i a l   e s t i -  

mate o f   t h e   m e r i d i o n a l   v e l o c i t y   a t   t h e  mean s t r e a m l i n e   o f  a d e s i g n   s t a t i o n .  

Subrou t ine  VMNTL2 i s   c a l l e d  by   t he   ma in   rou t i ne  on t h e   f i r s t  

p a s s   t h r o u g h   t h e   i t e r a t i v e   l o o p   o n   s t r e a m l i n e   p o s i t i o n ;   t h e   s u b r o u t i n e  

does n o t   c a l l  any   o ther   subrout ines .   Subrout ine  VMNTL2 does n o t   r e q u i r e  

ex te rna l   i npu t   and  does n o t   p r o v i d e   e x t e r n a l   o u t p u t .   T h e   i n t e r n a l   i n p u t  

and   ou tpu t   o f   t he   sub rou t ine   a re   t ransmi t ted   t h rough   b lank  CPIMMPIN, CPIMMBN/ 

CgMl/, COMMaN/C@M2/, CPIMM0N/CBM5/, and C0MM0N/CPIM7/. The i n t e r n a l   i n p u t  

c o n s i s t s   o f :  

AY BET C0T60 EMMAX EMM I N 

GAMC 1 GGG 1 I S 0 N  I SR I I WRLS 

MEAN T0 U VT VUMS 

The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

VMM 

(These   symbo ls   a re   desc r ibed   i n   t he   app rop r ia te   sec t i ons   o f   t he  C$MMBN 

Fortran  Nomenclature.)  

A d d i t i o n a l   F o r t r a n   N o m e n c l a t u r e   f o r   S u b r o u t i n e  VMNTL2 - """"ci" ..-.>-_ ... = .. "-..=.-." 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  VMNTL2 w h i c h   a r e   n o t   p a r t   o f  CBMMPIN. 

F o r t r a n  
Syrnbo 1 Symbo 1 D e s c r i p t i o n  Un i t s  

EKAY P a r a m e t e r   r e l a t e d   t o   s p e c i f i c  1 

h e a t   r a t i o  and Mach number f p s   p e r  deg R' 

Assumed v a l u e   o f  Mach  number 
when f low a n g l e  i s  s p e c i f i e d   a t  
a d e s i g n   s t a t i , o n  " 

EM I M 

PARAM {~R%ik~,q~~~)k~).Jyz a Paramete r   re la ted  t o  s p e c i f i c  
hea t   ra t i o ,   and   t o ta l   t empera -  
t u r e   a n d   t a n g e n t i a l   v e l o c i t y   a t  
t h e  mean s t r e a m l i n e  f P S  

VMMAX Maximum a l l o w a b l e   e s t i m a t e   o f  
t h e   m e r i d i o n a l   v e l o c i t y   a t   t h e  
mean s t r e a m l i n e  f P S  
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Fortran 
Symbo 1 Symbo 1 Description 

VMM I N Minimum  allowable  estimate of 
the  meridional  velocity  at  the 
mean st  ream1 i ne 

- Un i ts 

fPS 
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SIJGROLTINE VMNTLZ VMN*0000 
C VMN*OOOl 
C VMNTLZ - OBTAIN AN I N I T I A L  ESTIMATE OF THE MERIOIONAL  VELOCITY A T  VMN*0002 
C THE MEAN STREAMLINE VMN*0003 

VMN*0004 
VMN*OOOS 
VMN.0006 

VMN*0008 
VMN*0009 
VMN'OO 1 0  
VMN'OO 1 1 
VMN*0012 
VMN*0013 
VMN*0014 
VMN*OO 15 
VMN*0016 
VEAN*OO 1 7  
VMN*OO18 
VMN*OOlY 
VMNO0020 
VMN*0021 
VMNr0022 
VMN*0023 
VF.(N*0024 
VMN*OOZ5 
VMN*0026 
VMN*0027 
VMN*OO28 
VF.(N*0029 
VMN40030 
VMN*003l 
VMN*0032 
VMN*01)33 
VMN.0034 
VMN'0035 
vMN*OO36 
VMN*OO37 
VMNr0038 
VMN*0039 
VMN*0040 
VHN*0041 
VMN*O042 
VMN*0043 
VMN.0044 
VMN.0045 

VMN*OO0-7 
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APPENDIX X V  

SUBRl&JTlNE  RADEQ2 

The p r imary   f unc t i on  of  Subrout ine RADEQ2 i s   t o   c o n t r o l   t h e  

l o g i c   o f   t h e   c a l c u l a t i o n   o f   t h e   m e r i d i o n a l   v e l o c i t y   d i s t r i b u t i o n .   I n  

addi t ion,   the  subrout ine  obta ins  s t reaml ine  va lues  o f   the mass f low  func-  

t i on   co r respond ing   t o   t he   mer id iona l   ve loc i t y   d i s t r i bu t i on .  

Subrout ine RADEQ2 i s  c a l l e d  by  the  main  routine; it, i n   t u r n ,  

ca l l s   Subrout ines  START,  RUNGA2, and DERIV2. Fur ther ,   Subrout ine RADEQ2 

spec i f ies   tha t   Subrout ine  DERIV2 be c a l l e d  by Subrout ine RUNGA2. Subrou- 

t i n e  RADEQ2 does no t   requ i re   ex te rna l   i npu t  and does no t   p rov ide   ex te rna l  

output.  The subrout ine has access t o   b l a n k  CBMM0N, CBMMBN/C$Ml/, CBMMBN/ 

C0M4/, CBMM0N/CBM6/, and C0MMBN/CBM7/. The in te rna l   i npu t   t ransmi t ted  

through C0MMBN c o n s i s t s   o f  

MEAN NL I NES 

The in ternal   output   t ransm 

DFL0W  DFLWT 

(These  symbols,  as w e l l  as 

P I  R ST VMM 

i t t e d   t h r o u g h  CgMMBN c o n s i s t s   o f :  

o thers  used in   Subrou t ine  RADEQ2, are  descr ibed 

in   t he   app rop r ia te   sec t i ons   o f   t he  CBMMBN Fortran  Nomenclature.) One i tem 

o f   t he   i n te rna l   ou tpu t  i s  t ransmi t ted  as  an  argument of   the  subrout ine;  

name 1 y , 
LSGN 

Addi t ional   For t ran  Nomenclature  for   Subrout ine RADEQ2 
." . . . .. "" ~- - - - 

The fo l low ing   tab le   g ives   the   For t ran   Nomenc la tu re   fo r   those 

symbols  used in   Subrou t ine  RADEQ2 which  are  not   par t   o f  CBMMBN. 

F o r t r a n  
Symbo 1 Symbo 1 Desc r ip t i on  

DELR (?;+,-f-&t[~-~ ~ .J-Q Radial  distance  between  adjacent 
s t reaml ines f t  

I 

I UPDN 

i Index  on  the  four   pr inc ipa l  un- 
knowns " 

Ind ica to r :  
IUPDN=l i f  the   ca l cu la t i on   p ro -  
ceeds from the mean st reaml ine 
t o   t h e  hub 

Uni t s  
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F o r t   r a n  
Symbo 1 Symbol 

J 

JM 

LSGN 

3 
J -' 

D e s c r i p t i o n   U n i t s  

IUPDN=2 i f  t h e   c a l c u l a t i o n   p r o -  
ceeds  f rom  the mean s t r e a m l i n e  
t o  t h e   c a s i n g  " 

Streaml ine   index  " 

I n d e x   o f   t h e   s t r e a m l i n e   p r e c e d -  
i n g   t h a t   i n d i c a t e d   b y  J " 

I n d i c a t o r :  
LSGN=O i f  t h e   c a l c u l a t i o n   o f  
t h e   m e r i d i o n a l   v e l o c i t y   d i s t r i -  
b u t i o n   c o r r e s p o n d i n g   t o  a pa r -  
t i c u l a r   v a l u e   a t   t h e  mean 
s t r e a m l i n e   i s   p r o c e e d i n g   n o r -  
ma 1 l y  
LSGN=l i f  t h e   c a l c u l a t i o n  of  
t h e   m e r i d i o n a l   v e l o c i t y   d i s t r i -  
b u t i o n   c o r r e s p o n d i n g   t o  a p a r -  
t i c u l a r   v a l u e   a t   t h e  mean stream- 
l i n e  has  been  abandoned " 

A measure o f  t h e   r o u n d - o f f   e r r o r  
i n   t he   Runge-Ku t ta   de te rm ina t ion  
o f  t h e   p r i n c i p a l  unknowns " 

A s t r e a m l i n e   v a l u e   o f  r a d i a l  
p o s i t i o n  f t  

A r r a y  o f  v a l u e s   o f   t h e   f o u r  
p r i n c i p a l  unknowns (see  d iscus-  
s ion  o f   the  Runge-Kut ta   method 
i n   t h e   s e c t i o n   o n   n u m e r i c a l  
techniques)  " 
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RAD*0000 
RAD.0001 
RAD.0002 
RAD*0003 
RAD*0004  
RAD*0005 
I<AD*0006 
RAD’0007 
RAD*0008  
RA0’0009 
R A 0 * 0 0  1 0  
RAD*0011  
R A D 1 0 0 1 2  
R A 0 * 0 0 1 3  
RAD*0014  
RAD*0015  
RAD.0016 
RAD*0017  
RAD*OOle 
RAD*0019  
R 4 0 * 0 0 2 0  
R A D a 0 0 2 1  
RAD.0022 
RAD*0023  
RADU0024 
RAD*0025  
H A D 9 0 0 2 6  
R A 0 * 0 0 2 7  
RAD*0028  
R 4 D * 0 0 2 9  
HAD*0030 
R A 0 * 0 0 3 1  
RA0*0032 
R A 0 * 0 0 3 3  
R A 0 * 0 0 3 4  
RAD.0035 
R A 0 * 0 0 3 6  
RAD*0037  
RAD.0038 
RAD*0039  
RAD*0040  
RAD*0041  
RAD.0042 
R A p 0 0 4 3  
RAD.0044 
RAD.0045 
R 4 0 * 0 0 4 6  
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APPEND I X X V  I 

SUBRBUT I NE RUNGA2 

The f u n c t i o n  of  Subrou t ine  RUNGA2 i s  t o  o b t a i n   t h e   s o l u t i o n  of  

a system of f o u r   f i r s t - o r d e r   o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s   b y   t h e  Gill 

var ia t ion   o f   the   Runge-Kut ta   method.  

Subrou t ine  RUNGAP i s   c a l l e d   b y   S u b r o u t i n e  RADEQP; i t , i n   t u r n ,  

c a l l s   S u b r o u t i n e  DERIV2 which has  been s p e c i f i e d   a s  an  argument i n   t h e  

CALL s t a t e m e n t   f o r   S u b r o u t i n e  RUNGA2. The s u b r o u t i n e  does n o t   r e q u i r e  

e x t e r n a l   i n p u t   a n d  does no t   p rov ide   ex te rna l   ou tpu t .   I n te rna l   i npu t   and  

ou tpu t   a re   t ransmi t ted   as   a rgumen ts   o f   t he   sub rou t ine .  The i n t e r n a l   i n -  

p u t   c o n s i s t s   o f :  

DELX  FUNCTN Q 
The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

LSGN Q X 

Y 

F o r t r a n   N o m e n c l a t u r e   f o r   S u b r o u t i n e  RUNGAP 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  RUNGAP. S ince   t he   sub rou t ine  may be used w i t h  

a n y   c o n s i s t e n t   s e t   o f   u n i t s ,   t h e   u n i t s   o f   t h e   s y m b o l s   a r e   n o t   s p e c i f i e d .  

The s u b s c r i p t  k , where i t  a p p e a r s ,   i s   t h e   i n d e x   o f   t h e   s t e p   i n   t h e  

Runge-Kut ta   so lu t ion.  

F o r t   r a n  
Symbol Symbo 1 Descr i p t   i o n  

A (K) q k  A s e t  o f  cons tan ts   used  to   de-  

B (K) bK A se t   o f   cons tan ts   used   t o   de -  

c (K) CK A se t   o f   cons tan ts   used   t o   de -  

termi  ne SLBPE " 

termine  SL0PE " 

termine  Q " 

DE LX 

A s e t   o f   c o n s t a n t s  used t o  de- 
te rm ine  X -- 

h Increment   in   the  independent  
v a r i a b l e   a c r o s s   w h i c h  t h e   d i f -  
f e r e n t i a l   e q u a t i o n   i s  t o  be 
so l   ved " 

Un i t s  
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FUNCTN 

I K  

IY 

K 

LSGN 

SLOPE ( I Y )  

X 

Y ( I Y )  

Y P R I M E (  I Y )  

2. 

K 

D e s c r i p t i o n  

An argument i n   t h e  CALL s t a t e -  
ment f o r  RUNGA2; i t  operates  as 
a dummy  name f o r   S u b r o u t i n e  
DER I V2 " 

I n d e x   o f   t h e   s t a g e   o f   t h e   s o l u -  
t i o n   f o r   S u b r o u t i n e  FUNCTN " 

I n d e x   o f   t h e   f o u r   p r i n c i p a l  un- 
knowns " 

I n d e x   o f   t h e   s t a g e   o f   t h e   s o l u -  
t i o n  " 

U n i t s  

" 

I n d i c a t o r :  
LSGN=O i f  no d i f f i c u l t i e s  
have  been  encountered i n   t h e  
s o l u t i o n   o f   t h e   d i f f e r e n t i a l  
equa t ions 
LSGN=l i f  a s o l u t i o n   t o   t h e  
d i f f e r e n t i a l   e q u a t i o n s   c a n -  
not  be  found 

Q u a n t i t y   u s e d   t o   c a l c u l a t e  
SL0PE a t  each  s tage  o f   the so-  
l u t i o n ;   t h e   v a l u e   o f  Q i n   t h e  
f i n a l   s t a g e   o f   t h e   s o l u t i o n   i s  
a measure o f   t h e   r o u n d - o f f   e r -  
r o r   i n  Y 

M o d i f i e d   v a l u e s   o f  dYl/dg f o r  
each o f  t h e   p r i n c i p a l  unknowns 
a t  each   s tage   o f   t he   so lu t i on  " 

" 

Value  o f   the   independent   var i -  
a b l e   a t  each  stage o f  t he  so -  
l u t i o n  " 

Values   o f   the   dependent   var i -  
a b l e s   a t  each  stage of t h e  
s o l u t i o n  " 

Va 1 ues o f  ' ~ . l ; . ~ , d  a t  each 
s t a g e   o f   t h e   s o l u t i o n  " 
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APPEND I X  X V I  I 

SUBR@JT I NE DER I V2 

The   p r imary   f unc t i on   o f   Subrou t ine  DERIV2 i s   t o   o b t a i n   t h e  de- 

r i v a t i v e s  w i t h  r e s p e c t   t o   r a d i u s  o f  t h e   p r i n c i p a l  unknowns (Urn , (,,.,?;, , 
\I, ,LJT0 ) a t  a s p e c i f i e d   r a d i a l   p o s i t i o n  where t h e i r   v a l u e s   a r e  known. 

I n   a d d i t i o n ,   S u b r o u t i n e  DERIV2 s t o r e s   t h e   i n t e g r a t e d   s t r e a m l i n e   v a l u e s  

o f   t h e   p r i n c i p a l  unknowns as  they become a v a i l a b l e .  

b 

Subrou t ine  DERIV2 i s   c a l l e d  by Subrout ine RUNGA2 t o   p e r f o r m   i t s  

pr imary  and  secondary  funct ions;  i t  i s  a l s o   c a l l e d  by Subrout ine RADEQ2 

t o   p e r f o r m   i t s   s e c o n d a r y   f u n c t i o n   f o r   t h e  hub  and  cas ing  s t reaml ines.  

Subrout ine D E R I V 2  c a l l s   S u b r o u t i n e s   I l A P l   a n d  S I M E Q .  The sub rou t ine  does 

n o t   r e q u i r e   e x t e r n a l   i n p u t   a n d  does n o t   p r o v i d e   e x t e r n a l   o u t p u t .  The 

s u b r o u t i n e  has a c c e s s   t o . b l a n k  COMMONy C!JMMBN/CBMl/, C@MM0N/C0M2/, CBMMBN/ 

C 0 M 3 / ,  C!JMM!dN/CEjM4/, C0MM0N/CgM5/ ,  C0MM0N/C0M7/ ,  C 0 M M 0 N / C 0 M 8 / ,  and C0MMBN/ 

C 0 M 1 1 / .  The i n t e r n a l   i n p u t   t r a n s m i t t e d   t h r o u g h  C@MM@N c o n s i s t s  of: 

AY BET C R V  DADR 

D BDR DPBDR DPBUDR DPRUDR 

DTBDR  DTBUDR DTRUDR D V M D R S  

D VTU DR DWY DR GAMA 1 GAMA 2 

GAM6 1 GAS C GJCP 12 GJCP2 

GJCP22 I P0FS I S R l  I W R L S  

JJ JJP MEAN NL I N E S  

P0RU P 0 U  RPM R ST 

T0RU U uu VT U 

WY E 

(These  symbols   a re   de f ined  in   the   appropr ia te   sec t ions   o f   the  CBMM0N Fo r -  

t ran   Nomenc la tu re . )   The  in te rna l   inpu t   t ransmi t ted   as   a rguments   o f   the  

s u b r o u t i n e   c o n s i s t s   o f :  

I K  R P  Y 

The i n t e r n a l   o u t p u t   t r a n s m i t t e d   t h r o u g h  CBMMBN c o n s i s t s  o f :  

GRND PO T 0  VM VT 

F i n a l l y ,   i n t e r n a l   o u t p u t   t r a n s m i t t e d   a s   a r g u m e n t s   o f   t h e   s u b r o u t i n e  
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c o n s i s t s   o f :  

LSGN YPR I ME 

Add i t iona l   For t ran   Nomenc la tu re   fo r   Subrout ine  DERIV2 

The fo l l ow ing   t ab le   g i ves   t he   Fo r t ran   nomenc la tu re   f o r   t hose  sym- 

bols   used  in   Subrout ine DERIV2 wh ich   a re   no t   pa r t   o f  CPIMMBN. Subscr ip ts  

\ and 3 a r e  row  and column  indices,   respect ively.  

Fo r t ran  
S ymbo 1 Symbo 1 Descr ip t i on   Un i t s  

BETP 
- 

Pi A va lue   o f  the   abso lu te   f low 
angle rad 

cP(F( I , J) C ij C o e f f i c i e n t   m a t r i x  augmented 
by a constant   vector   ( i .e . ,  
the  r ight -hand  s ides)   repre-  
sen t ing   t he   se t   o f   f ou r  equa- 
t i o n s  used t o   s a t i s f y   r a d i a l  
equi 1 i b r i  um -L 

CRVP 

DADRP 

DDR( I )  

DPfdDRP 

DPfiUDP 

DPRUDP 

d A,  
b r  
c 

d Pa*,-, 
T r  

G' I", 
d r  

A value  of  stream1 i ne curva- 
t u r e  ft'l 

A v a l u e   o f   t h e   d e r i v a t i v e   o f  
the   s t reaml ine   ang le   o f   in -  
c l   i n a t i o n   , w i t h   r e s p e c t   t o  
rad  i us rad  per  f t  

S o l u t i o n   v e c t o r   f o r   t h e   s e t  
o f   four   equat ions  used  to  
s a t i s f y   r a d i a l   e q u i l i b r i u m  .L 

A v a l u e   o f   t h e   d e r i v a t i v e  o f  
the   abso lu te   to ta l   p ressure  
w i th   respec t   t o   rad ius  

A v a l u e   o f   t h e   d e r i v a t i v e   o f  
the  modif ied  upstream  abso- 
l u t e   t o t a l   p r e s s u r e   w i t h  r e -  
spec t   to   rad ius  

A v a l u e   o f   t h e   d e r i v a t i v e   o f  
the   mod i f ied   ups t ream  re la t i ve  
t o t a l   p r e s s u r e   w i t h   r e s p e c t   t o  
r a d i u s   l b f   p e r  f t  

l b f   p e r  f t  3 

l b f   p e r  f t  3 

3 

-8- 

" S ince   the   un i ts   o f   the   e lements   o f   the   mat r ix   d i f fe r   f rom one another, 
no u n i t s   a r e  shown. 
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F o r t r a n  
S ymbo 1 Symbol 

DTBUDP 

DTRUDP 

DVMDRP 

DVTUDP 

DWY DRP 

FUN 1 

FUN2 

FUN3 

FUN4 

FUN5 

GJCPTl 

GJCPT2 

IK 

LSGN 

dxu,z. - 1 

dr 

d Y i  
aT 

Descr ip t i on  

A va lue   o f   t he   de r i va t i ve   o f  
the  absolute  to ta l   temperature 
w i t h   r e s p e c t   t o   r a d i u s  

A v a l u e   o f   t h e   d e r i v a t i v e   o f  
the  modif ied  upstream  abso- 
l u te   t o ta l   t empera tu re  w i th  
respec t   t o   rad ius  

A v a l u e   o f   t h e   d e r i v a t i v e   o f  
the   mod i f ied   ups t ream  re la t i ve  
to ta l   tempera ture  wi th  respect 
t o   r a d i u s  

A va lue   o f   t he   de r i va t i ve   o f  
t he   mer id iona l   ve loc i t y   w i th  
respec t   t o   rad ius  

A va lue   o f   t he   de r i va t i ve   o f  
the  upstream  tangent ia l  ve- 
l o c i   t y   w i t h   r e s p e c t   t o   r a -  
d i  us 

A va lue   o f   t he   de r i va t i ve   o f  
t he   p ressu re - loss   coe f f i c i en t  
w i th   respec t   t o   rad ius  

A grouping  o f !   terms  in   the 
second  equat ion  of   the  set  
used t o   s a t i s f y   r a d i a l  
equi 1 ib r ium 

S i m i  l a r   t o  FUNl 

S i m i l a r   t o  FUNl 

S i m i  l a r   t o  FUNl 

S i m i l a r   t o  FUNl 

Parameter  re lated  to  the  ab- 
so lu te   t o ta l   t empera tu re   a t  
a des ign   s ta t i on  

Parameter   re la ted  to   the 
mod i f ied   ups t ream  re la t i ve  
to ta l   temperature 

Index  o f   the  s tage  o f   the 
Runge-Kutta  solut ion 

Ind i ca to r :  
LSGN=O i f  t h e   c a l c u l a t i o n   o f  
the   mer id iona l   ve loc i ty   d is -  
t r i b u t i o n   c o r r e s p o n d i n g   t o  a 

"- - 

Un i t s  

deg R per f t  

deg R per  f t  

deg R per f t  

sec 
- 1  

s ec - 1  

f t - l  

" 

f ps-2 

fps-2  

fps-2 

fP5 
2 

f ps2 
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F o r t r a n  
Symbol  Symbol 

P 0P 

PBRUP 

P0UP 

PRAT 

PRRAT 

RP 

S I NA 

T0P 

TBRUP 

T RAT 

TRRAT 

TRRRAT 

UP 

UUP 

VMP SQ 

VTPSQ 

VT UP 

A 

D e s c r i p t i o n  

p a r t i c u l a r   v a l u e   a t   t h e  mean 
s t r e a m l i n e   i s   p r o c e e d i n g   n o r -  
ma 1 l y  
LSGN=l i f  t h e   c a l c u l a t i o n  o f  
t h e   m e r i d i o n a l   v e l o c i t y   d i s -  
t r i b u t i o n   c o r r e s p o n d i n g   t o  a 
p a r t i c u l a r   v a l u e   a t   t h e  mean 
s t reaml ine   canno t  be con t inued  

v a l u e   o f   t h e   a b s o l u t e   t o t a l  
p ressu re  

A v a l u e   o f   t h e   m o d i f i e d   u p s t r e a m  
r e l a t i v e   t o t a l   p r e s s u r e  

A va lue   o f   t he   mod i f i ed   ups t ream 
a b s o l u t e   t o t a l   p r e s s u r e  

S t a t i c - t o - t o t a l   p r e s s u r e   r a t i o  

R e l a t i v e - t o - a b s o l u t e   t o t a l   p r e s -  
s u r e   r a t i o  

A va lue  o f  t h e   r a d i a l   p o s i t i o n  

S i n e   o f   s t r e a m l i n e   a n g l e   o f   i n -  
c l   i n a t i o n  

A v a l u e   o f   t h e   a b s o l u t e   t o t a l  
temperature 

A va lue   o f   t he   mod i f i ed   ups t ream 
r e l a t i v e   t o t a l   t e m p e r a t u r e  

S t a t i c - t o - t o t a l   t e m p e r a t u r e   r a t i o  

R e l a t i v e - t o - a b s o l u t e   t o t a l  tem- 
p e r a t u r e   r a t   i o  

D e s i g n   s t a t i o n - t o - u p s t r e a m   r e l a -  
t i v e   t o t a l   t e m p e r a t u r e   r a t i o  

A v a l u e   o f   t h e   b l a d e   v e l o c i t y  

A va lue   o f   t he   ups t ream  b lade  
v e l o c i t y  

A v a l u e   o f   t h e   s q u a r e   o f   t h e  
m e r i d i o n a l   v e l o c i t y  

A va 1 ue o f   t h e   s q u a r e  o f  t h e  
t a n g e n t i a l   v e l o c i t y  

A va lue   o f   t he   ups t ream  tan -  
g e n t i a l   v e l o c i t y  

U n i t s  
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WY EP 

YPR IME ( I )  

Symbo 1 Description Un i ts 

Yi A value of the total-pressure- 
loss coefficient " 

Array of values of the four 
principal unknowns -1. 

dJi Array of values of  the deriva- 
d ;  tives of the four principal un- 

knowns with respect to radius -I- 

-*- 
" Since the units o f  the elements of the array differ from one another, 
no units are shown. 
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UER*n000 
D E R 9 0 0 0 1  
DER*0002  
DER*0003  
OER*0004 
DER*0005  
OER*0006 
DER*0007  
DERQOOO8 
DER"0009 
DER*0010 
DER*0011  
DER90012 
D E R * 0 0 1 3  
UEH*0014  
DERO0015 
DEA*0016  
DER*0017  
DER9OO18 
OER*0019 
DERQ0020  
DER*O021 
DEH*0022 
D E H Q 0 0 2 3  
DER90024  
L)ER*0025 
D € R * 0 0 2 6  
DER*0027  
OER*0028  
D E R 9 0 0 2 9  
DERQ0030  
D E R Q 0 0 3 1  
DER*0032  
DER40033  
D E R 9 0 0 3 4  
D E R 9 0 0 3 5  
I)FR*0036 
DEU*0037  
DER*0038 
OER*0039  
OER*0040 
D E R 9 0 0 4 1  
DER90042 
D E R 9 0 0 4 3  
D E R 9 0 0 4 4  
OER.0045 
D E A Q 0 0 4 6  
D E R 0 0 0 4 7  
DER.0048 
DEP*0049  
DER.0050 
DER*0051  
DER*0052 
DER*0053  
DER*0054 
DER'0055 
DER*n056 
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D E R * 0 0 5 7  
DER*005CJ 
DER*OOSY 
OEW'0060 
D E R * O O ~ ~  
O F ~ * 0 0 6 2  
L)ER*0063 
DER*OO(,4 
DER.0065 
OFR*0066  
DER*OOf,7 
DFR*UOh8 
DEW"0069 
DER*0070 
OF.R*0071 
D F R * 0 0 7 2  
D E R 9 0 0 7 3  
DERQ0074  
O E R * 0 0 7 5  
D F R * 0 0 7 6  
D E R * 0 0 7 7  
I)F9*007CJ 
D F H * 0 0 7 9  
DER*OOFIO 
DER*OOHl 
DFW*I)Of32 
DER*OOCJ3 
D F H " O O H 4  
D E R Q O O 8 S  
DER*OOH6 
O E R * 0 0 8 7  
DF.R*noFICJ 
n ~ w * o 0 8 9  
DEH*I-IO~O 
DER*0091  
D F R * 0 0 9 2  
DFH.0093 
DER*0094  
I ) F R * 0 0 9 5  

OEH*0097  
DEP*009A 
DFR'0099 
DFR"O100 
OER*O 1 0  1 
DF.R*0102 
OER*0103  
DER*O 1 0 4  
CER.0 1 0 5  

DER.0 1 0 7  
DER*O 1 0 8  
DER*O 1 0 9  
DER*0110  
D E R * O l l l  
OER*O 11 2 
DER*O 11 3 
OER*0114  

D F H * O ~ ~ ~  

DF R * O  1 0 6  
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The 

a s e t   o f  simu 

f unct   ion 

APPENDIX  XVlll 

SUBRgUTlNE SIMEQ 

o f  Subrout ine S I M E Q  i s   t o   o b t a i n   t h e   s o l u t i o n   t o  

l taneous  l inear   a lgebra ic   equat ions.  

Subrout ine S I M E Q  i s   ca l l ed   by   Subrou t ine  DERIV2; i t  does no t  

c a l l  any other   subrout ines.  The subrout ine does no t   requ i re   ex te rna l   in -  

pu t  and does no t   p rov ide   ex te rna l   ou tpu t .   In te rna l   inpu t  and  output  are 

transmitted  as  arguments  of  the  subroutine. The in te rna l   i npu t   cons i s t s  

o f :  

A ND NDP NR 

The in te rna l   ou tpu t   cons i s t s   o f :  

LSGN X 

Fortran  Nomenclature  for   Subrout ine S I M E O  

The fo l lowing  tab le  g ives  the  For t ran  nomenclature  for   the sym- 

bo ls  used in   Subrou t ine  SIMEQ. Since  the  subrout ine may be used w i t h  any 

cons is ten t  s e t  o f   u n i t s ,   t h e   u n i t s   o f   t h e  symbols a re   no t   spec i f ied .  The 

subscr ip ts  I a n d J  r e f e r  t o  row and  column ind ices ,   respec t ive ly .  

NC 

ND 

NDP 

Fo r t ran  
Symbol Syrnbo 1 Desc r ip t i on  

A(I ,J> C o e f f i c i e n t   m a t r i x  augmented  by 
a constant  vector 

I Row o r  column i ndex 

J Row o r   c o l  umn i ndex 

K Row o r   c o l  umn i ndex 

LSGN Ind ica to r :  
LSGN=O i f  t h e   c o e f f i c i e n t  
m a t r i x  i s  nonsingular 
LSGN=l i f  t h e   c o e f f i c i e n t  
m a t r i x  i s  s i ngu la r  

Number of  simultaneous  equations 
t o  be so lved  p lus one 

Maximum number of  simultaneous 
equa t i ons 

Maximum number o f  simultaneous 
equat ions  p lus one 
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Fort  ran 
Symbol 

NR 

R 
S 

T 

Symbol Description 

Number o f  s i mu 1 taneous  equa t i ons 
to  be  solved " 

Dummy  matrix  element " 

Maximum  absolute  value o f  a  col- 
umn  element " 

Absolute  value of a column  ele- 
men  t " 

Solution  vector " 

Units 
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SIMQOOOO 
SIM*0001 
S I M * 0 0 0 2  
SIM*0003 
S I M * 0 0 0 4  
S I M ” 0 0 0 5  
S I M * 0 0 0 6  
S I M Q 0 0 0 7  
SIM*OOO8 
sIM*0009 
S I M * 0 0 1 0  
S I M * 0 0 1 1  
SIM*OO12 
S I M * 0 0 1 3  
S I M * O O l 4  
S I M Q 0 0 1 5  
S I M * 0 0 1 6  
S I M Q 0 0 1 7  
S I M * 0 0 1 8  
S I M u 0 0 1 9  
SIM*OO20 
S I M Q 0 0 2 1  
SIM*0022 
S I M ” 0 0 2 3  
S I M Q 0 0 2 4  
S I Y Q 0 0 2 5  
S I M U 0 0 2 6  
S l M Q 0 0 2 7  
SIMQ0028 
S I M a 0 0 2 9  
S I M Q 0 0 3 0  
SIM*OO31 
S T M * 0 0 3 2  
SIMQ0033 
S I M Q 0 0 3 4  
SIM’00.75 
SIM*0036 
S I M Q 0 0 3 7  
S l M Q 0 0 3 8  
S I M Q 0 0 3 9  
S T Y * 0 0 4 0  
S I M * 0 0 4 1  
S I M Q 0 0 4 2  
STM*0043 
S I M f 0 0 4 4  
S I M Q 0 0 4 5  
S I M * 0 0 4 6  
SIM*0047 
SIM*0048 
S I M * 0 0 4 9  
S I M * O O S o  
S I M * 0 0 5 1  
S I M * 0 0 5 2  
SIM.0053 
SIM*0054 
SIM*OO55 
SIM.0056 
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SIM*0057 
ST"OO58 
S I M * 0 0 5 9  
SIM*0060 
SIM*0061 
SIM*0062 
SIM*OO63 
SIM*0064 
SIM*0065 
SIW0066 
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APPENDIX X I X  

SUBR0UTlNE  VMSUB2 

The func t ion   o f   Subrout ine  VMSUB2 i s   t o   o b t a i n  a new est imate 

o f   t h e   m e r i d i o n a l   v e l o c i t y   a t   t h e  mean st reaml ine  which will s a t i s f y  con- 

t i n u i   t y .  

Subrout ine VMSUB2 i s   c a l l e d  by the  main  rout ine;  it does no t  

c a l l  any other   subrout ines.  The subrout ine does no t   requ i re   ex te rna l   i n -  

put  and does no t   p rov ide   ex te rna l   ou tpu t .   In te rna l   inpu t  and  output  of  

the  subrout ine  are  t ransmit ted  through  blank CBMMPIN, C!JMM@N/CBMk/, and 

CBMMfJN/C0M7/. The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

DF  LWT  DFLWTb F LWP ICNT I LL00P 

I S0N I S R l  I WRLS  RAT I 0 VMM0 

VMM00 
The in te rna l   ou tpu t   cons i s t s   o f :  

I CNT VMM0 

(These  symbols a re   desc r ibed   i n   t he   app rop r ia te   sec t i ons   o f   t he  C!ifMM!ZiN 

Fortran  Nomenclature.) 

Addi t ional   For t ran  Nomenclature  for   Subrout ine SPECHT 

The fo l low ing   tab le   g ives   the   For t ran   nomenc la tu re   fo r   those 

symbols  used in   Subrou t ine  VMSUB2 which  are  not   part   of  C0MMBN. 

Fo r t ran  
Symbo 1 

DEN0M 

DVMM 

DWRAT 

I SGN 

Symbol Desc r ip t i on  Un i t s  

%n - %A, 4 D i f f e r e n c e   i n   t h e   c a l c u l a t e d  mass 
f l o w  based on the  two  previous 
es t ima tes   o f   mer id iona l   ve loc i t y  
a t   t h e  mean s t reaml ine  lbm per sec 

W W L  "4- ,  4 D i f f e r e n c e   i n   t h e  two  previous 
es t imates   o f   mer id iona l  v e l o c i t y  
a t   t h e  mean s t reaml ine  f P S  

R a t i o   o f   t h e   d i f f e r e n c e  between 
the   ac tua l  mass f l o w  and the  
p rev ious l y   ca l cu la ted  mass f l o w  
t o  DEN0M 

Ind i ca to r :  
ISGN=O i f  t h e   r a t i o   o f  DVMM to  

" 
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For t ran  
S yrnbo 1 

I SGNB 

Svrnbo 1 Descr ip t ion  

DENBM i s  negat ive 
ISGN=l i f  t h e   r a t i o  of  DVMM to 
DENBM i s  p o s i t i v e  
ISGN=ISGNPI i f  t h e   r a t i o  of DVMM 
to DENBM i s  zero " 

Previous  value of the   indicator  
I SGN " 

Uni t s  - 
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SUHRC)C;TINE  vluSUt32 
C 
C VMSUf32- O t 3 T ~ I l u  A NEW ESTIMATE OF  THE  WZRIDIONAL  VELOCITY  AT THE 
C HEAh  STREAMLINE 

V M S ~ O O O O  
V ~ S * O O O l  
VMS'0002 
VHS*0003  
v M S 0 0 0 0 4  
v ~ s ' o o o s  
V M S 9 0 0 0 6  
VMS*O007 
VMS*OOO8 
VMS*0009 
VMS*OO 10 
V M S * O O l l  
VMSQO 0 1 z 
VMS*0013 
VMS*0014 
VMS*0015 
VMSOO 0 16 
VMS*OO17 
VMS*OO 18 
VMSQ0019 
VMS*0020 
vt-4s*0021 
VMS*0022 
VMS+0023 
VMS"0024 
VMSOOO25 
VHS*0026  

VHS*OOE8 
VMS*0029 
VMS*0030 
VMS*0031 
VMS*0032 
VMS*0033 
VMS'0034 
VMS*0035 
VMS*0036  
VMS*0037 
VHS*O030 
VMS*0039 
VMS*OO40 
V Y S * 0 0 4 1  
VMS*0042 
VMS*OO43 
VHSeOQ44 

vus*oozr 
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APPEND I X X X  

SUBRBUTINE  REMAN2 

The func t i on   o f   Subrou t ine  REMAN2 i s   t o   o b t a i n   s t r e a m l i n e   V a l -  

ues f o r   t h o s e   q u a n t i t i e s   t a b u l a t e d   i n   t h e   o u t p u t   f o r  a des ign   s ta t ion  

which have no t   a l ready  been obtained. 

Subrout ine REMAN2 i s  c a l l e d  by  the  main  routine; it does no t  

c a l l  any other   subrout ines.  The subrout ine does no t   requ i re   ex te rna l   i n -  

pu t  and does no t   p rov ide   ex te rna l   ou tpu t .   In te rna l   inpu t  and ou tpu t   a re  

t ransmi   t ted  through  b lank C0MM0N,  CBMM0N/C0Ml/, C0MM0N/C0M2/, C0MMBN/CBM3/, 

and CBMMON/CBM5/. The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

AY CP2 CP3 DT 0 GAMA 1 

GAMC 1 GAMD2 GAMD 3 GGG 1 GJCP  12 

l C 0 N V  I S R l  IWRLS  NL I NES P 0  

POO P 002 P0RU P 0u T 0  

T00 T002 T0RU U VM 

VR U VT vu 
The i n t e r n a l   o u t p u t   c o n s i s t s   o f :  

BET BETR BREFF EFFR EFFS 

EM E MR P P OR REAC 

REACH T T $R V VR 

vx 
(These  symbols a re   descr ibed  in   the   appropr ia te   sec t ions  o f  the C0MM0N 
Fortran  Nomenclature.) 

Add i t iona l   For t ran   Nomenc la tu re   fo r   Subrout ine  REMAN2 

The fo l low ing   tab le   g ives   the   For t ran   nomenc la tu re   fo r   those 

symbol; used in   Subrou t ine  REMAN2 wh ich   a re   no t   pa r t   o f  C0MMgN. 
Fo r t   ran  
Symbol Symbo 1 Desc r ip t i on  Un i t s  

EMRSQ N:= A s t reaml ine  va lue  o f   the  square 

GJCPTl z3arcp&hj Parameter   re la ted   to  a stream1  ine 
va lue   o f   the   to ta l   tempera ture  
and  the  spec i f ic   heat   a t  a design 
s t a t i o n  f PS 

o f   t h e   r e l a t i v e  Mach  number " 

2 
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P 0 P  

PBRP 

PP 

T 0 P  

T0R  P 

T P  

VMSQ 

VRSQ 

VTRP 

VTSQ 

vx P 

Symbol Description 

A streamline value of the abso- 
lute total pressure 

A streamline value of the rela- 
tive total pressure 

A streamline value of the static 
pressure 

A streamline value of the abso- 
lute  total temperature 

A streamline value o f  the rela- 
tive total temperature 

A streamline value of the static 
temperature 

A streamline value o f  the square 
o f  the  meridional  velocity 

A streamline value o f  the square 
o f  the relative velocity 

A streamline value of the  rela- 
tive  tangential  velocity 

A streamline value of the square 
o f  the  tangential  velocity 

A streamline value of  the  axial 
velocity 

Units 

PSf 

PSf 

PSf 

deg R 

deg R 

deg R 

f ps2 

f ps2 

f P 5 

f ps2 

f P S 
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p 

RFM'0000 
REM*0001 
REM*O.OOE 
RFMr0003 
REY*0004 
REM*0005 
REM*UO06 
REM*0007 
REM*0008  
REH*OO09 
R€M*OOlO 
REM*0011 
REM*0012 
REM*0013 
REM"0014 
REM*0015  
REM90016 
REM'0017 
R E M * O O l e  
R E H * 0 0 1 9  
REM*0020  
REM*n021 
REH'OO22 
REM'0023 
REM'0024 
REM*O02S 
REHs0026  
REM10027 
R E M 9 0 0 2 8  
REMs0029 
REM*0030 
REM*0031 
REM10032 
REH*0033  
REM*0034 
REM*0035  
REM*0036  
REM*OO37 
R E M s 0 0 3 A  
REM90039  
R17Ms0040 
REM"0041 
REM*0042 
REM*0043  
REM*OO44 
REM90045 
REM*0046 
REM*0047 
REM*0048 
REH'0049 
REM*0050 
REM10051 
REM*OOS2 
REM*0053 
REM*OOS4 
REM'0055 
REM.0056 
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APPEND I X  XX I 

SUBR0UTlNE  SETUP2 

The func t i on   o f   Subrou t ine  SETUP2 i s   t o   o b t a i n :  

1. Streamline  values o f  quan t i t i es   wh ich   a re   requ i red   f o r   t he  

c a l c u l a t i o n s   a t   t h e   f o l l o w i n g   d e s i g n   s t a t i o n .  

2. Mass averaged  values  which  are t o  be p r i n t e d   i n   t h e   o u t p u t .  

Subrout ine SETUP2 i s   c a l l e d  by the  main  rout ine;  it does not  

c a l l  any other  subroutines.  Subroutine SETUP2 does no t   requ i re   ex te rna l  

i npu t  and does no t   p rov ide   ex te rna l   ou tpu t .   In te rna l   inpu t  and  output 

a re   t ransmi t ted  by b lank C0MM0N,  C0MMBN/C0Ml/,  CBMMBN/CBM2/,  CBMM0N/C0M3/, 

C0MM0N/C0M4/,  CBMM0N/C@MS/,  C0MMBN/C0M6/,  C0MMBN/C0M9/, and C0MMBN/C0Ml l / .  

The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

BET  BETR  BREFF C NV5  CP2 

CP3  C P 4  CP 5 DT O' E J A Y  

ENM 1 F LW F LWC FLWM F LWP 

GAMA 1 GAMD3 GAMD4 GAMD 5 GJCP 12 

GJCP32  G JC P 4 2  GJCP52  I BR I C00L 

I D S  I M l X  I SAV I SR I I STG 

ND STAT NL  I NES N S P 0 0 L  NSTG NTUBES 

P P 0  T 0  T 0C U 

V VR VT WY E X M l X  

The i n te rna l   ou tpu t   cons i s t s  o f :  

BETRU  BETU BREA  BREAP  BREFFB 

0 J S   0 S E  O'T E OT S O'T T 

OW P $0 P 0 0 2  P  0RU  P0U 

S JS   SJSP SP JS SPP  SPSE 

SPT  E  SPTS SPTT SPW SSE 

SSEP  ST  E STEP sw SWP 

T 00 T0B2 T g R U   T 0 U  uu 
VRU  VTU vu WY €0 

(These  symbols a re   descr ibed  in   the   appropr ia te   sec t ions   o f   the  C0MMBN 

Fortran  Nomenclature.) 
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Add i t i ona l   Fo r t ran   Nomenc la tu re  for Subrout ine  SETUP2 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   N o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  SETUP2 w h i c h   a r e   n o t   p a r t   o f  CBMMBN. 

F o r t r a n  
Symbol 

D T$A 

FLWC 

J 

(bP 

PIP B 

PA 

PARAM 

PARMB 

PARMC 

P PIA 

PBA$ 

PPIAPIPI 

PBAPIPIPI 

SP 

SPB 

SPPB 

mass 
t o t a  

Quot 
S UMA 

Quo t 
S UMA 

Mass averaged 
a b s o l u t e   t o t a  
s tage   ex i  t 

Mass averaged 
absol  u t e   t o t a  
s t a g e   i n l e t  

Mass averaged 

D e s c r i p t i o n  

Mass averaged  va lue  o f   the 
a b s o l u t e   t o t a l   t e m p e r a t u r e  
drop  across a r o t o r  

Coolant  mass f l o w  added t o   t h e  
upstream b lade  row 

S t  ream 1 i ne i ndex 

O v e r - a l l  power o u t p u t   o f   t h e  
t u r b  i ne 

O v e r - a l l  power o u t p u t   o f   t h e  
t u r b  i ne 

Mass averaged  va lue   o f   the  
s t a t i c   p r e s s u r e   a t  a des ign  
s t a t i o n  

P r o d u c t   o f   t h e   s p e c i f i c   h e a t ,  
f l o w ,  and mass averaged 

1 tempera t u   r e  

i e n t   c o n t a i n i n g  SUMB and 

i e n t   c o n t a i n i n g  SUMC and 

va lue   o f   t he  
1 p r e s s u r e   a t  a 

v a l u e  o f  t h e  
1 p ressure  a t  a 

v a l u e   o f   t h e  
a b s o l u t e   t o t a l   p r e s s u r e   a t  a 
s p o o l   i n l e t  

Mass averaged  va lue   o f   the  
a b s o l u t e   t o t a l   p r e s s u r e   a t  
t h e   t u r b i n e   i n l e t  

Stage  power  output 

Stage  power  output 

Spool  power  output 

U n i t s  

deg R 

1 bm per   sec 
" 

Btu  per  sec 

PS f 

Btu  per   sec 

PS f 

deg R 

PSf  

P S  f 

PS f 

PS f 

hP 

Btu  per  sec 

Btu  per   sec 
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F o r t r a n  
S ymbo 1 

s UMA 

SUM6 

S UMC 

TFLWC 

TF LWC 0 

TF LWCT 

T @A 

T0A0 

TPIA00 

T0A0d0 

T0CP 

T0C P 0  

T S RAT 

TTRAT 

Desc r ip t i on  

I n t e g r a l   o f   t h e   m i x i n g   c o e f f i -  
c i e n t   w i t h   r e s p e c t   t o   t h e  non- 
dimensional mass f l o w   f u n c t i o n  

In tegra l   o f   the   p roduc t   o f   the  
m i x i n g   c o e f f i c i e n t  and  absolute 
t o t a l   p r e s s u r e  w i t h  r e s p e c t   t o  
the  mass f l o w   f u n c t i o n  

In tegra l   o f   the   p roduc t   o f   the  
m i x i n g   c o e f f i c i e n t  and  absolute 
to ta l   tempera ture   w i th   respec t  
t o   t h e  mass f l o w   f u n c t i o n  

Sum o f   the   p roduc t   o f   coo lan t  
total   temperature  and  coolant 
mass f l o w   f o r  a stage 

Sum o f  t h e  p roduc t   o f   coo lan t  
total   temperature  and  coolant 
mass f l o w   f o r   t h e   t u r b i n e  

Sum o f   the   p roduc t   o f   coo lan t  
total   temperature  and  coolant 
mass f l o w   f o r  a spool 

Mass averaged  value  of  the 
abso lu te   to ta l   tempera ture   a t  
a s tage   ex i t  

Mass averaged  value  of  the 
abso lu te   to ta l   tempera ture   a t  
a s t a g e   i n l e t  

Mass averaged  value  of  the 
abso lu te   to ta l   tempera ture   a t  
a spool i n l e t  

Mass averaged  value  of   the 
abso lu te   to ta l   tempera ture   a t  
t h e   t u r b i n e   i n l e t  

Tota l   temperature  o f   the  coolant  
added t o   t h e  downstream blade 
row 

Tota l   temperature  o f   the  coolant  
added t o   t h e  upstream  blade row 

Mass averaged  s ta t i c - to - to ta l  
tempera ture   ra t io  

Mass averaged  tota 1 - t o - to ta  1 
t empera tu re   ra t   i o  

Un i t s  

lbm per  sec 

ps f  lbm per sec 

deg R lbm 
per sec 

deg R lbm 
per sec 

deg R lbm 
per  sec 

deg R lbm 
per sec 

deg R 

deg R 

deg R 

deg R 

deg R 

deg R 

" 

" 
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F o r t r a n  
Symbo 1 

UA 

UAA 

UAAA 

UAAAA 

UAPr 

XM I XP 

Symbol 

k-cl 

- D e s c r i p t i o n  

Mass ave raged   b lade   ve loc i t y  
a t  a b lade r o w  e x i t  f P S  

A v e r a g e   b l a d e   v e l o c i t y   f o r  a 
rotor f PS 

A v e r a g e   b l a d e   v e l o c i t y   f o r  a 
s P O 0  1 f P S  

Ave rage   b lade   ve loc i t y  for  the  
t u r b i n e  f P S  

Mass ave raged   b lade   ve loc i t y  
a t  a s t a t o r   e x i t  f P S  

A s t reaml ine   va lue   o f   t he  
m i x i n g   c o e f f i c i e n t  " 
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SET*0000  
SET*O001 
SET"OOO.2 
S E f * 0 0 0 3  
SET.0004 
S E T * 0 0 0 5  
SET'0006 
SETQ0007  
SET*OOOe 
SET'0009 
SET'0010 
SET'0011 
SET*0012  
SET*0013  
SET*0014  
S E T * 0 0 1 5  
SET*0016 
SET*0017  
SET'0018 
SET*0019  
SET*0020  
SET.0021 
SET.0022 
SET'0023 
SET*0024 
SET*0025  
S E T Q 0 0 2 6  
SET.0027 
SET*002B 
SET'OO29 
SET'0030 
S E T a 0 0 3 1  
SET'0032 
SET*0033  
S E T 1 0 0 3 4  
SET"0035  
S E T * 0 0 3 6  
SET"0037  
SET'0038 
S E T Q 0 0 3 9  
SET*0040  
S E T * 0 0 4 1  
SET*OO42 
SET.0043 
SET.0044 
SET.0045 
S E V O O 4 6  
SET.0047 
SET.0048 
SET'0049 
SET*0050 
SET.0051 
SET.0052 
SET.0053 
SET.0056 
SET*0055 
SET.0056 
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SET*OOS7 
SET.0058 
SET.0059 
Sf T.0060 
SET*0061  
SET*0062  
SET*0063  
SET.0064 
SET.0065 
SET.0066 
SET.0067 
SET'0068 
SET'0069 
SET*OO7O 
S E T * 0 0 7 1  
SET*0072  
SET*0073  
SET*O074 
SET'O075 
S E T * 0 0 7 6  
SET.0077 
S E T * 0 0 7 8  
SET.0079 
SET'0080 
S E T * 0 0 8 1  
SET.0002 
SE1.0083 
SET*OO84 
SET'OO85 
SET*0086  
SET*0087  
S E T * 0 0 8 8  
S E T * 0 0 8 9  
SET*0090  
S E T * 0 0 9 1  
S E T * 0 0 9 2  
SET*0093  
SET*0094  
SET*0095  
SET'0096 
SET*0097  
SET'0098 
S E T * 0 0 9 9  
SET*0100  
SET*0101  

SET*O103 
S E T * O l O l  
S E T * 0 1 0 5  
SET.0106 
SET*0107  
SET.0 1 0 8  
SET*0109  
SET*O 11 0 
SET'O111 
SET*0112  
SET.0113 
S E V O  114 

SET*0102 
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TTRAT=(POA/POAO)**GAMO~ 
I F  (ICOOL,EQ.E) GO TO 1 0 5 0  
P*RAM=CP3*FLUP*TOAO 
GO T O  1 1 5 0  

1 0 5 0  T F L w c = F L ~ C * T O C P + F L Y C O * T O C P O  
P I R A M = C P 3 * ( F L W ( I D S = 2 ) * T O A O ~ T F L U C )  

TFL#CT=TFLWC 
GO T O  1 1 5 0  

I F  (ISTC.NE.1) GO TO 1 1 0 0  

1100  TFLkCT=TFLWCT+TFLWC 
1150 S T E P = S P H / ( P A S A H * ( l o O - T T R A T ) )  

TS4AT=(PA/POAO)*+OAMD3 

S T E  ( ISTG) =STEP 
SSE( ISTGI=SSEP 

S S E P = S P R / ( P A R A M . ( l . O - T S R A T ) )  

UAA=O,S* (UA+UAO) 
S J S P = U A A / S Q R T ( @ J C P 3 2 * T O A O * ( l o O - T S R A T ) )  
SJS( ISTG)=SJSP 
IF (ISTG.NE.1) 00 T O  1 2 0 0  
SPd-SuP 
SVP=SP 
UUAA=UAA 
GO T O  1 2 5 0  

SPP=SPP+SP 
UAAA=UAAA+UAA 

SPTT=POAOO/POA 
SPTS=POAOO/pA 
I F  (ICOOL.EQ.2) QO T O  1 3 0 0  
PAWAM=CP4*FLwP*TOAOO 
G O  T O  1 4 0 0  

1 2 0 0   s P J = s P d + s w P  

1250 IF (ISTG.~E.NSTG) GO T O  1 7 0 0  

1300 P 4 H A Y = C P 4 ~ ( F L ~ ( 1 ) ~ T O A o O + T F L W C T )  
IF. (NSPOOL.EQ.1) GO TO 1 4 0 0  
I F  (ISAV.NE.11 GO TO 1 3 5 0  
TfLUCC=TFLbtcT 
G O  T O  1 4 0 0  

1 3 5 0  TFLWCO=TFLWCO+TFLWCT 
1400  SPPH=CNVS*SpP/EJAY 

T T . ? A T = l  .O/SPTT**GAHD4 
ONC=l. 0 
lSWAT=O~E/SPTS**GAMD4 
SPTE=SPPd/  (PARAH* ( 1  .O-TTRAT) ) 
S P S E = S P P R / ( p A ~ A M + ( l . O - T S R A T ) )  
UAAA=UA4A/FLO~T(NSTGI  
S P J S = ~ A A A / S O R T ( G J C P 4 2 * T ~ A O O * ~ ~ o O ~ T S R A T ) )  
I F  (YSPOOL.EQ.1) RETURN 
IF (ISAV.NE.1) GO TO ASSO 
Ou=SPm 
oP=sPP 
UAAAAsUAAA 
W S  r u m  

1 4 5 0  Ow=Ow+SPu 
OP=OP+SPP 
UAAAA=UAA&A+UA4A 
I F  (ISAV.NE.NSPOOL) RETURN 
OTT=POAOOO/POA 
OTS=POAOOO/PA 

SET*Ol15 
SET.0116 
SET'O117 
SET*O l18  
SET.0119 
SET.0120 
SET'O121 
SET.0122 
SET.0123 
SET*O l24  
SET * O  125 
SET00126  
SET.0127 
SET90128  
SET.0 129 
SET*O 1 3 0  
SET.0131 
SET'0132 
SET90   133  
SET"0134 
SET'0135 
SET*0136  
SET10137  
SET.0138 
SET.0 1 3 9  
SFT.0140 
SET.0141 
SET10142  
SET10143  
SET.0144 
SET*0145  
SET.0146 
SET.0147 
SETS0146 
SET10149  
SET*0150 
SET.0151 
S E T 0 0 1 5 2  
SET.0153 
SET00  154 
SET.0155 
SET"0156 
SET.0157 
SET00158  
S f  TQO 159 
SET.0160 
SET90161  
SET.0 162 
SET10163  
SET.0164 
SET.0165 
S E ~ * 0 1 6 6  
SET.0167 
SET.0  1158 
SET.0169 
SET*Ol7O 
SET*O 171 
SET*O172 
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550 
552 
554 
555 
56 1 
564 
570 
5 74 

,603  
600 

,605 
1614 
I614 

1617 
1616 

I621  
4622 

1625 
1624 

1626 
i630  

i634  
:a635 
?636 

i63z 

SET.0173 
SET.Ol7.4 
SET.0175 
SET.0176 
SET.0 177 
SET.0178 
SET.0 179 
SET.0180 
SET*0181 
SET90  1 a2 
SET*O183 
SET*0184 
SET.0185 

S E ~ * o 1 a 7  
SET.0186 

SET.0 188 
SET.0189 

SET.0191 
SET'0190 

SE~.0192 
SET.0193 
SET*0194 
SET.0195 
SET.0196 
SET.0197 
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APPENDIX X X I I  

SUBRflUTlNE OUTPUT 

T h e   f u n c t i o n  o f  S u b r o u t i n e  0UTPUT i s  t o  w r i t e   t h e   r e s u l t s  o f  t h e  

c a l c u l a t i o n s   a t  a d e s i g n   s t a t i o n  onto t h e   o u t p u t   t a p e   u n i t .  

S u b r o u t i n e  OUTPUT i s   c a l l e d   b y   t h e   m a i n   r o u t i n e ;  i t  does not 

c a l l   a n y   o t h e r   s u b r o u t i n e s .   T h e   s u b r o u t i n e   d o e s  not r e q u i r e   e x t e r n a l  in -  

p u t .   T h e   i n t e r n a l   i n p u t   i s   t r a n s m i t t e d   t h r o u g h   b l a n k  C0MM0NY CBMM0N/C0Ml/, 

C0MM$N/CBM3/, C0MM0N/C$M4/, C0MM0N/C0M6/, and C0MMBN/C$Mg/; i t  c o n s i s t s  

of  : 

AY BET BETR BREA BREAP 

BREFF BREFF0 C N V l  C NV2 C NV3 

C R V  DF  L0W EFFR EFFS EM 

E MR I C 0 N V  I C0BL I D S  I M l X  

I SAV I SR I I STG NDSTAT NL 1 NES 

NSP#$L NSTG NTA P E lbJ S OS E 

OT E PIT S 0TT OW P 

PO P0R PBRU P0U REAC 

REAC0 RST S JS S JSP SPJS 

SPP SPSE SPTE SPTS S PTT 

SPW SSE SSEP ST E STEP 

sw SWP T Tlb T0R 

TlbRU T0U U V VM 

VR VT vx  WY E WYE0 

(These  symbols   a re   descr ibed i n  t h e   a p p r o p r i a t e   s e c t i o n s  o f  t h e  C$"@N 

F o r t r a n   N o m e n c l a t u r e . )   T h e   e x t e r n a l   o u t p u t   c o n s i s t s  o f :  

AY BET BETR BREA BREAP 

BREFF BREFF0 C R V  DFLBW EFFR 

EFFS EM EMR OJS OS E 

0T E OT S OTT OW P 

PO P0R P0RU P0U R EAC 

REAC0 RST S J S  SJSP SP JS  

SPP SPSE SPTE SPTS S PTT 
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SPW SSE 

sw SWP 

TBRU T0U 

VR VT 

SSEP ST E 

T T0 

U V 

vx WY E 

STEP 

TIdR 

VM 

WY E0 

Subrou t ine  OUTPUT does n o t   p r o v i d e   i n t e r n a l   o u t p u t .  

Add i t i ona l   Fo r t ran   Nomenc la tu re  " for   Subrou . t i ne  OUTPUT 

The f o l l o w i n g   t a b l e   g i v e s   t h e   F o r t r a n   n o m e n c l a t u r e   f o r   t h o s e  

symbols  used i n   S u b r o u t i n e  OUTPUT w h i c h   a r e   n o t   p a r t   o f  CPIMM0N. 

F o r t r a n  
Symbo 1 Symbol D e s c r i o t i o n  Uni t s  

Hw5 Alphanumer ic   in fo rmat ion  

HW6 A lphanumer ic   in fo rmat ion  

I 

J .i 
Genera 1 i ndex 

St reaml ine   index  

" 

" 
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SU.3ROUTINE  OUTPUT 
C 
C u u r P u T  - PRIYT THE OUTPUT OF THE CALCULATIO~S 

OlJT*0000 
OUT*0001 
OlJT*0002 
OUTf0003  
01JT*0004 
OUT*0005 
Ol IT*0006 
OUT*0007 
OUT'0008 
01JT*O009 
OUT*0010 
OUT*OO 11 
OlJT*0012 
OIJT*0013 
OUT*i)014 
OUT*0015 
OUT*0016 
OUT*0017 
OtJT*OO18 
OUT*0019 
OlJT00020 
OUT*0021 
OllT*OO22 
OtJT*0023 
OllT*0024 
OUT*OO25 
OlJT*0026 
OUT*0027 
OUT*OO~E 
OUT*OO29 
O I J T * 0 0 3 0  
OlJT*0031 
OUT*0032 
OUT00033 
OUT00034 
OUT*OO35 
OlJT"U036 
OUT*0037 
O I l T Q 0 0 3 8  
OUT00039 
OUT*0040 
0 U T 0 0 0 4 1  
OUT*0042 
OIJT00043 
OVT00044 
OlJT*0045 
OUT*0046 
OUT00047 
OUT00048 
OlJT*0049 
OUT'0050 
OlJT*0051 
OUT+OO52 
OUT*00S3 
OUT*0054 
OUT*0055 
OUT*0056 
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C O l J T * O l h 2  
C c ( tC0NVEHT  THE  TABULAR  OUTPUT  INTO A C O N S I S T E N T   S E T  OF UNITS O U T * 0 1 6 3  

O U T * 0 1 6 4  
O U T * 0 1 6 5  
O U T * 0 1 6 6  
OUT.0167 
O U T " O 1 6 8  
O U T * 0 1 6 9  
O U T * 0 1 7 0  
OUT*O 171 
O U V 0 1 7 2  
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. .  

IF (ISHI~GE.31 GO, TO 1900 
1850  POR(J)=CNVZ*PORfJI 

aETR O J I  3flETR (J )  /CNV3 
I? (IflSoEQmNDSTAT) GO TO 2000 

1900 IF ( I C O h ~ m E Q ~ O ~ O R ~ ~ I H f X ~ E Q ~ O . A N D . I C O O L m N E ~ ~ 1 ~  00 TO ZOO0 
POU (J) =CNV2*POU (J) 
IF (ISRIoYEml) 00 TO 2000 
PORU tJ  1 =CNVZ*PORU (J) 

ZOO0 CONT1:hUE 
RETURFi 
END 

OUT*0173 
OUT*OI74 
OUT*O175 
OUT*0176 
OUT*0177 
OUT*O 178 
OUT*0179 
OUT.0 180 
OUT.0181 
OUTe0182 
OUT*O I 8 3  
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SUBREjUTlNE  START 

Each t ime a pass i s  made t h r o u g h   t h e   c o n t i n u i t y  loop, a new 

v a l u e  of  m e a n l i n e   m e r i d i o n a l   v e l o c i t y   i s  chosen.  The f u n c t i o n  o f  Sub- 

r o u t i n e  START i s  t o  ob ta in   cons is ten t   mean l ine   va lues  of  the   remain ing  

unknowns,  namely t h e   t a n g e n t i a l   v e l o c i t y ,  and t h e   n a t u r a l   l o g a r i t h m s  of  

a b s o l u t e   t o t a l   p r e s s u r e   a n d   a b s o l u t e   t o t a l   t e m p e r a t u r e .  

Subrout ine  START i s   c a l l e d   t w i c e   b y   S u b r o u t i n e  RADEQ2 d u r i n g  

e a c h   c o n t i n u i t y   i t e r a t i o n ,  fo r  t h e   i n t e g r a t i o n s   f i r s t   t o w a r d   t h e  hub  and 

then  toward  the  cas ing;  i t  does n o t   c a l l  any other  subrout ines.   The  sub- 

r o u t i n e  does n o t   r e q u i r e   e x t e r n a l   i n p u t   a n d  does n o t   p r o v i d e   e x t e r n a l  out- 

p u t .   I n t e r n a l   i n p u t   a n d   o u t p u t   a r e   t r a n s m i t t e d   t h r o u g h   b l a n k  CBMMBN, 

CBMMBN/CBMl/, CBMMBN/CBM2/, CBMMBN/C$M3/, CBMMBN/CBMS/, and C$MMBN/CBM7/. 

T h e   i n t e r n a l   i n p u t   c o n s i s t s   o f :  

AY BET  DT0 GAMA 1 

GAM4 2 GJCPl2 GJCP2  GJCP22 

I S R I  I WRLS MEAN P0 
P0U T0 TBU  T0RU 

U uu VTU VUMS 

WY E Y 

(These  symbols a r e   d e f i n e d   i n   t h e   a p p r o p r i a t e   s e c t i o n s  of t h e  CaMMgN For-  

t r a n  Nomenclature.)   The  internal   output,   t ransmit ted  as  the  argument  of  

t h e   c a l l i n g  sequence, c o n s i s t s  o f :  

Y 

Add i t i ona l   Fo r t ran   Nomenc la tu re  fo r  Subrout ine START 

F o r t r a n  
Symbol 

FUN 1 

Symbo 1 D e s c r i D t i o n  

Rotor r e l a t i v e   t o t a l   p r e s s u r e  
r a t i o   i n   t h e  absence o f  r a d i a l  
s t reaml ine   d isp lacement  

GJCPT 1 2 ' J  -x; Parameter   re la ted t o  the  ab- 
s o l u t e   t o t a l   t e m p e r a t u r e   a t  
a d e s i g n   s t a t i o n  

9 -9 

U n i t s  - 

fps2 
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F o r t r a n  
Symbo 1 

G JC PT2 

PRAT 

P R RAT 

TRRRAT 

D e s c r i p t i o n  

Parameter   re la ted t o  the  modi -  
f i e d   u p s t r e a m   r e l a t i v e   t o t a l  
temperature 

S t a t i c - t o - t o t a l   p r e s s u r e   r a t i o  

R e l a t i v e - t o - a b s o l u t e   t o t a l  
p r e s s u r e   r a t  i o  

Design  s ta t ion- to-upst ream 
r e l a t i v e   t o t a l   t e m p e r a t u r e  
r a t i o  

Meanline  blade  speed 

Upstream  meanline  blade  speed 

Mean1 i n e   m e r i d i o n a l   v e l o c i t y  

N a t u r a l   l o g  of meanline  ab- 
s o l u t e   t o t a l   p r e s s u r e  

M e a n l i n e   t a n g e n t i a l   v e l o c i t y  

Na tu ra l   l og   o f   mean l i ne   ab -  
s o l u t e   t o t a l   t e m p e r a t u r e  

U n i t s  

f p s 2  

f P S  
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STA*0000  
STA*0001  
STA*0002  
S t A * 0 0 0 3  
STA*0004  
S f A * 0 0 0 5  
STA*0006  
STA*0007  
STA*OOOE 
STA*0009  
STA*0010  
S T A * 0 0 1 1  
STA*0012  
STA*0013  
STA*0014  
STA*0015  
STA*0016  
STA*0017  
STA*0018  
STA*0019  
STA*0020  
STA*OO21 
STA*0022  
STA*0023  
S T A e 0 0 2 4  
STA*0025  
S T A * O O ~ ~  
STA*OO27 
STA*OOZB 
S T A 9 0 0 2 9  
STA*0030  
STAoU031  
STA*0032  
STAoU033  
S T A Q 0 0 3 4  
S T P * 0 0 3 5  
S T A o 0 0 3 6  
STAsU037  
STA*0038  
STAS0039  
STA*0040  
S T A * 0 0 4 1  
S T A o 0 0 4 2  
STAO0043 
STA*( i044 
STA.0045 
STA*0046  
STA'0047 
STA*0048  
STA*0049  
S T ~ * 0 0 5 0  
S T A * 0 0 5 1  
S T A * 0 0 5 2  
STA*OOSJ 
STA.0054 
STA.0055 
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SUBRBUT I NE LdSCBR 

Subrout ine LdSCBR furn ishes   s t reaml ine   va lues   o f   to ta l -p ressure-  

l o s s   c o e f f i c i e n t  and t h e   d e r i v a t i v e   o f   t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  

w i t h   r e s p e c t   t o   r a d i u s   f o r  each  blade row ex i t   des ign   s ta t i on .  The loss 

coe f f i c i en ts   a re   ob ta ined   e i t he r   f rom  the   i npu t   da ta ,   o r   f rom  the   i n te rna l  

c o r r e l a t i o n  and add i t i ona l   l oss   f ac to rs ,  i f  any. When the   i n te rna l   co r re -  

l a t i o n  i s  used,  Subroutine LBSCBR a l s o  checks f o r  convergence o f   t he   l oss  

i t e r a t  i on. 

Subroutine LBSCBR i s  c a l l e d  by the  main  routine  each  t ime  stream- 

l i ne   l oca t i ons   a re   rees t i rna ted   a t  a blade row e x i t   d e s i g n   s t a t i o n ;  i t  c a l l s  

Subrout ine SLBPE a f t e r   o b t a i n i n g   r e v i s e d   v a l u e s   o f   s t r e a m l i n e  loss c o e f f i -  

c ient .   Subrout ine LBSCBR does no t   requ i re   ex te rna l   i npu t  and does no t  

prov ide  external   output .   In ternal   input   and  output   are  t ransmi t ted  through 

b lank  CPIMMPIN, CBMMBN/CBMl/, CBMMBN/CBM3/, CBMMBN/CBM4/, CBMMBN/CBM6/, 

CBMM!dN/C0M8/, and CBMM0N/CBM12/. The i n t e r n a l   i n p u t   c o n s i s t s   o f :  

AY FAC L I SPEC I S R l  

NL I NES TBLWY U VM 

VRU VT vu YCBN 

(These  symbols a re   de f i ned   i n   t he   app rop r ia te   sec t i ons   o f   t he  CBMMBN For- 

t r a n  Nomenclature.) The in te rna l   ou tpu t   t ransmi t ted   th rough CBMMBN con- 

s i s t s   o f :  

WY E DWYDR 

The in te rna l   ou tpu t   t ransmi t ted  as the  argument o f   t h e   c a l l i n g  sequence 

i s :  

I YC0NV 

Addi t ional   For t ran  Nomenclature  for   Subrout ine LbSCBR 

The fo l lowing  tab le  g ives  the  For t ran  nomenclature  for   those 

symbols  used in   Subrou t ine  LBSCBR wh ich   a re   no t   pa r t   o f  CBMMBN. 

Fortran 
Symbo 1 Desc r ip t i on  Un i t s  

BETAP /3 A s t reaml ine   va lue   o f   abso lu te  
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BETARP 

FVBNV 

FY 

I YCBNV 

R EAC P 

Symbol 

P' 

f ($) 
\I, 

Descr ip t i on  Un i t s  

f l o w   a n g l e   a t  a s t a t o r - e x i t  de- 
s i g n   s t a t i o n   r a d  

A s t r e a m l i n e   v a l u e   o f   r e l a t i v e  
f l o w   a n g l e   a t  a s tage-ex i t  de- 
s i g n   s t a t i o n   r a d  

A f u n c t i o n   o f  row i n l e t - t o - e x i t  
r e l a t i v e   v e l o c i t y   r a t i o ;   t h e  
reac t ion   te rm  o f   the   loss   cor -  
r e l a t i o n  " 

Damping f a c t o r   f o r   t h e   l o s s  i t -  
e r a t i o n ;  FY=O impl ies  zero 
damp i ng " 

Ind ica to r :  
IYC0NV=O i f  t h e   i t e r a t i o n  on 
streamline  values of t o t a l -  
p ressu re - loss   coe f f i c i en t  
has not  converged 
IYCflNV=l i f  t h e   i t e r a t i o n  on 
s t reaml ine   va lues   o f   t o ta l -  
p ressu re - loss   coe f f i c i en t  
has converged " 

- 

A s t reaml ine   va lue   o f  row i n l e t -  
t o - e x i t   r e l a t i v e   v e l o c i t y   r a t i o  " 
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SUBHOUTIhlE  LOSCOR(.IYCONV) LOs*oooo 
C Los*ooo l  
C LOSCOR - CALCULATES NEM STREAMLINE  VALUtS Of TOTAL-PRESSURE-LOSS  LOS*OOO2 

L05*0003 
LOS*0004  
LOS*0005 
L n S * 0 0 0 6  
I.c)S*0007 
LOSQOOO8 
LOS*OO09 
LOS*OO 10  
L O S * O O l l  
LOS*OOlZ 
LOS*0013  
LOS*OU14 
LOS*OO15 
LOS"0016 
LOS*0017  

LOS*0019  
LOS*0020  
LOS'0021 
LOS*0022  
LOS*OO23 
LOS'0024 
LOS*OO25 
LOS*OO26 
LOS*U027 
LOS*0028 
l.OS*OO29 
Lc)S*0030 
LOS*0031  
1.0S*0032 
L.OS*OO33 
LOS*0034  
LOS*0035  
LOS.0036 
LOS*OO37 

LOS*U039 
L.OS*OO40 
LOS*0041  
LOSQ0042  
LClS*o043 

Los*oola 

Los*oo3e 
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1 1 0 0   U Y E ( I ) r F A C L ( I )  
c n u  S L O P E ( R S T ~ W Y E ~ D W Y D R ~ N L I N E S )  
IYCONV-1 
RETURh 
END 

NASA-Langley, 1969 - 3 E- 52 1 1 

LOS*0057 
LOS*0058 
LOS*O059 
LOSa0060 
LOS*0061 

235 


